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1. SUMMARY 
Adult hippocampal neurogenesis is regulated at various levels and by various 
factors. Genetic influence is an important key determinant of adult 
neurogenesis and exerts its effects at all levels. In vivo studies have suggested 
that adult hippocampal neurogenesis is highly variable and heritable among 
different laboratory strains of mice. To dissect the genetic effect from other 
contributing factors, it is necessary to study adult neurogenesis under highly 
controlled environment conditions. We extracted adult hippocampal precursor 
cells (AHPCs) from 20 strains of the BXD set of recombinant inbred mice, 
cultured them and studied the effect of genetic background on neurogenesis. 
The BXD panel consists of mouse lines derived from an intercross between 
inbred parentals C57BL/6J and DBA/2J. Both of the parentals are fully 
sequenced and all the strains are well characterized in terms of genotypic and 
phenotypic characteristics. This allows us to use advanced genetic techniques 
to identify novel genomic loci and gene-gene interactions important in adult 
neurogenesis. 
 
Comparison of the AHPCs from 20 BXD strains, with respect to cell 
proliferation and neuronal and astrocytic differentiation in vitro, revealed a 
large variation for these traits across the strains. Proliferation, as measured by 
BrdU incorporation, showed over two- fold differences between the extremes. 
Similar differences were observed for neurogenic (4-fold) and astrogenic 
differentiation (2-fold). These three traits all showed strong heritability values 
indicating that the differences were mainly attributed to the genetic component. 
QTL mapping, with these phenotypic data, revealed that there was no major 
contribution from single loci controlling these traits. Instead, we found many 
loci with smaller effects associated with these traits. Gene expression profiling 
using RNA samples from proliferating cultures of the 20 BXD mice strains 
yielded two cis eQTL candidates that directly regulated proliferation, LRP6 
and Chchd8. LRP6 is well known as a co-receptor of Wnt signaling, but the 
function of Chchd8 is not known. Further experimentation, using over-
!
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expression and gene silencing demonstrated that LRP6 negatively regulates 
AHPCs proliferation. Thus, from this study using a system genetics approach, 
we were able to identify, LRP6 as a novel regulator of adult hippocampal 
neurogenesis. 
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2. INTRODUCTION 
2.1. Adult neurogenesis and neural stem cells 
!
2.1.1. A brief history of adult neurogenesis 
 
The generation of new neurons in the adult brain termed ‘adult neurogenesis’ 
was a highly debated process and it is not that long ago that the idea of 
neurogenesis in the adult brain has been accepted. Because most of the new 
neurons produced die rather than survive, it was difficult to recognize adult 
neurogenesis. The first ever structure of nervous tissue was discovered 
accidentally by Camillo Golgi in 1873 with his famous silver staining which, 
for unknown reasons, illuminated only selected neurons in the brain. Another 
staining method with gold chloride sublimate by Ramón y Cajal in 1913 paved 
the way for his discovery of neurons and astrocytes and yielded much insight 
about the central nervous system (CNS). 
 
Altman and Das first reported the generation of new cells in the dentate gyrus 
(DG) (Altman and Das 1965) followed by the neocortex (Altman 1966) and 
olfactory bulb (Altman 1969) of adult rodents using [H
3
]-thymidine 
autoradiography and light microscopy. But there were not many supporting 
studies available at this time and their work was largely ignored, partly because 
it contradicted the long believed “no new neuron dogma” by Santiago Ramón y 
Cajal who proposed that the adult brain couldn’t produce any new neurons and 
the neurons present during birth would last for the whole lifetime. 
 
Ten years later, with the use of electron microscopy to visualize [H
3
]-
thymidine, Michael Kaplan showed neurogenesis in 3 month old rat dentate 
gyrus and olfactory bulb (Kaplan and Hinds 1977). But again there was a 
setback when Rakic reported no evidence of neurogenesis in adult monkeys 
(Rakic 1985). The field got a new start when Nottebohm who was working 
with songbirds proved the existence of new neurons in the adult bird’s brain 
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and demonstrated seasonally regulated neurogenesis in the song nuclei of 
songbirds (Nottebohm 1989). After this avian finding, research interest in adult 
neurogenesis in mammals kicked off.  
 
With the advent of new effective labeling methods, especially the introduction 
of new S phase marker bromodeoxyuridine (BrdU) (Gratzner 1982), 
breakthrough studies proving adult neurogenesis started coming up in the 
1990s. BrdU together with confocal microscopy is now used ubiquitously in 
the study of adult neurogenesis (Kuhn et al., 1996; Kempermann et al., 1997a). 
More convincing functional evidence of adult neurogenesis began to emerge 
using advanced technologies like combined retroviral-based lineage tracing 
(Price et al., 1987, Sanes et al., 1986) and electrophysiological methods 
(Belluzzi et al., 2003, Carleton et al., 2003, van Praag et al., 2002). Since then 
the field of adult neurogenesis has been gaining momentum and various factors 
and pathways controlling them are getting explored. Now it is proved adult 
neurogenesis occurs across mammalian species including humans (Eriksson et 
al., 1998), new neurons are formed, integrate into the functional network and 
have significant functions.  
 
2.1.2. Characteristics of neural stem cells  
 
Stem cells 
 
Identification of stem cells has revolutionized the field of regenerative 
medicine. Alexander Maksimov proposed the word stem cell in 1908 based on 
the postulated existence of hematopoietic stem cells (Konstantinov, 2000) and 
the field of stem cells got a fresh start only in the 1960s after the discovery of 
stem cells in the brain by Altman and Das and bone marrow by McCulloch and 
Till (Altman and Das 1965, Becker et al., 1963).  Stem cells are unspecialized 
cells present in the embryo and adult of almost every multicellular organism 
and have the ability to self renew and are multipotent i.e. form different cell 
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types based on the available cues. The number of stem cells present in the 
tissue is limited and once they are wasted or used up they cannot be easily 
replenished. To self renew, stem cells use either asymmetric division in which 
a stem cell produces one stem cell and one differentiated progeny, or 
symmetric division in which one stem cell produces two differentiated cells 
and another stem cell produces two stem cells. Telomerase activity is a 
hallmark of stem cells and is necessary to maintain their proliferation over long 
periods of time (reviewed by Lea Harrington, 2004). In vivo they coexist with 
other cell types and are identified based on their characteristic markers, the 
genes and transcription factors that are unique to them. Stem cells play an 
important role in maintaining homeostasis of the tissue, and regeneration of the 
tissue following injury (Potten and Loeffler 1990). 
 
Based on their origin, there are two broad classifications of stem cells: 
embryonic stem cells (ES) and somatic stem cells.  ES cells are isolated from 
the inner cell mass of the blastocyst and somatic stem cells, also called adult 
stem cells, are found in many adult tissues and organs like brain, bone marrow, 
heart, liver, blood, muscle, teeth, testis etc.  
 
Stem cells vary in their differentiation potential from totipotency to 
unipotency, with totipotent cells found only in embryos and capable of forming 
the whole organism whereas unipotent cells can differentiate to produce only 
one cell type. Pluripotent, multipotent and oligopotent stem cells have their 
abilities lying between totipotency and unipotency. Recent studies have proven 
that pluripotent stem cells can be generated by genetically reprogramming 
adult cells and are known as induced pluripotent stem cells (iPS cells) 
(Takahashi et al., 2006, Okita et al., 2006, Wernig et al., 2007, Maherali et al., 
2007). iPS cells have properties similar to embryonic stem cells and to test the 
pluripotency of iPS or ES cells, the following criteria are used; ability as a 
single cell to form colonies (clonogenic property), differentiation into 
ectoderm, mesoderm, endoderm cell types, teratoma formation, contribution to 
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chimeras, germline transmission (Maherali and Hochedlinger, 2008), and 
tetraploid complementation (Woltjen et al., 2009). Multipotent stem cells are 
found in most body organs and similar to pluripotent stem cells. They have the 
properties to self renew for longer periods but have limited differentiation 
abilities. They have the differentiation potential only within one germ layer or 
tissue; for example, stem cells in the brain give rise to different neural cells and 
glial cells but not muscle or blood cells. Multipotent stem cells can be isolated 
from tissue, cultured, directed to form the specific cell types of that tissue and 
can be used for allogenic transplants. This is particularly important since it 
evades the ethical issue of killing embryos for making ES cells.!
!
Neural Stem cells 
 
Neurogenesis starts with the multipotent stem/progenitor cells in the brain. 
Neural stem cells (NSCs) are defined by the properties of self-renewal and 
ability to produce neurons, astrocytes, and oligodendrocytes of the nervous 
system on differentiation ex vivo. The initial promising discovery and isolation 
of stem like-cells from mammalian embryonic CNS and PNS (peripheral 
nervous system) paved the way for the isolation of adult NSC. Adult neural 
stem cells were first isolated from the adult CNS of rodents (Reynolds & Weiss 
1992) and later from humans (Roy et al., 2000 a, b). Proliferative markers like 
3
H-thymidine or bromodeoxyuridine (BrdU) label the NSCs and are used to 
prove that the differentiated progenies are produced from NSCs.  
 
NSCs are found in neurogenic niches in the brain where they can self-renew 
and differentiate depending on the cues. The neurogenic niches are permissive 
cellular microenvironments composed of specialized support cells like 
astrocytes, microglia, endothelial and ependymal cells and the extracellular 
matrix of the germinal layers.  Niches are very important in that they not only 
provide signals for the maintenance of NSCs but also give directions for their 
differentiation. Several cell types have been proposed as the resident adult 
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neural stem cell, including astrocytes (Doetsch et al., 1999), multiciliated 
ependymal cells (Johansson et al., 1999) and subependymal cells (Morshead et 
al., 1994). But later it was proved that ependymal cells don’t divide and cannot 
function as neural stem cells (Chiasson et al., 1999, Capela and Temple 2002, 
Spassky et al., 2005). Now the accepted view is that germinal astrocytes in the 
niches act as adult neural stem cells, whose properties are influenced by the 
niche conditions. But the question why only these astrocytes act as stem cells, 
and their molecular characterization was not known till now (reviewed by  
Ihrie RA & Alvarez-Buylla, 2008).  
 
Stem cells of the CNS reside primarily in two main brain areas i) the 
subventricular zone (SVZ) and ii) the subgranular zone, even though NSC-like 
cells have been isolated and characterized in vitro from various areas of the 
adult CNS neurogenic and non-neurogenic areas including striatum (Palmer et 
al., 1997) cerebral cortex (Palmer et al., 1999), septum (Palmer et al., 1997) 
and spinal cord (Weiss et al., 1996b, Shihabuddin et al., 1997). 
 
2.1.3. Adult neurogenesis in SVZ and SGZ 
 
Subventricular zone (SVZ) 
 
The SVZ is a one or two cell body thick region found below the ependyma, 
and the precursor cells are found in the SVZ of the lateral wall of the lateral 
ventricles. NSCs of the SVZ generate neuroblasts that migrate to the olfactory 
bulb via the rostral migratory stream (RMS) (Menezes et al., 1995; Peretto et 
al., 1999) and generate interneurons essential for maintenance of the olfactory 
bulb (Figure 1). NSCs of the SVZ are called type B cells, have an astrocytic 
appearance and express glial fibrillary acidic protein (GFAP) marker. There are 
at least two types of B cells identified; B1 and B2 cells with the former 
residing close to the ependyma and the later near the striatum (Doetsch et al., 
1999a, 1999b). These B cells give rise to transiently amplifying progenitor 
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cells known as type C cells which constitute the major dividing population in 
the SVZ. The neuroblast or type A cells originate from C cells and are fate 
determined progenitor cells. Type A cells migrate from the SVZ to the 
olfactory bulb by a unique pattern termed chain migration through a tube like 
structure called the rostral migratory stream. The migration, which is 
centimeters long in primates, is generally unidirectional and follows a radial 
and tangential type of movement. They divide and form neurons during their 
migration to the olfactory bulb.  Once the immature neurons reach the olfactory 
bulb, they migrate radially and form either granule or periglomerular neurons 
(Luskin 1993, Peretto et al., 1999). The granule neurons have Gamma amino 
butyric acid (GABA) and the periglomerular neurons GABA and/or dopamine 
as neurotransmitter.  
 
 
 
 
 
 
 
 
 
 
Subgranular zone (SGZ) 
 
The SGZ is a narrow band of cells between the granule cell layer and hilus of 
the dentate gyrus and serves as the neurogenic niche in the hippocampus. This 
region is highly vascularised (Palmer et al., 2000) and vascular cells are 
reported to be a key element in many stem cell niches, for example in the 
Figure 1. Neural stem cells in adult mouse brain 
Neural stem cells have trilineage potential; in vitro they can differentiate into neurons, 
astrocytes and oligodentrocytes (a). In adult, they mostly reside in SVZ and DG (b). !Figure 
adapted from (Taupin and Gage, 2002). !!
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ventricular zone (Louissaint et al., 2002), bone marrow (Kiel et al., 2005), 
intestine and skin (Fuchs et al., 2004). Also, a vasculature derived trophic 
factor; vascular endothelial growth factor (VEGF) is shown to play a role in 
regulating adult neurogenesis (Jin et al., 2002, Schanzer et al. 2004). Along 
with the vasculature, the astrocytes in the SGZ may also contribute to the 
neurogenic permissiveness in the SGZ niche (Barkho et al., 2006). 
 
The hippocampus is a paired structure in the brain and derived its name from 
its resemblance to a seahorse (Latin: hippocampus = seahorse). A 
septotemporal section of the hippocampus shows two interlocking C structures 
in reversed positions to each other. The upper C is called the cornu ammonis 
(CA) and the lower C is the dentate gyrus (Figure 2).  The cornu ammonis 
takes its name from the horn of the ancient Egyptian god Amon and is divided 
into four parts CA1, CA2, CA3 and CA4 (Lorente De Nó, 1934). The CA 
region is referred as the hippocampus proper and, along with the dentate gyrus, 
is called the hippocampal formation. Pyramidal cells are the principle cells of 
the CA regions and, in the dentate gyrus, the granule cells. Apart from these 
two regions, the hippocampus also contains two other parts: the presubiculum 
and the subiculum.  
 
The hippocampus gets its afferent and efferent connections through the 
entorhinal cortex (EC), a six-layered structure, by means of three connected 
pathways called the trisynaptic circuit.  At first, the surface layers 2 and 3 of 
the EC connect the dendrites of the granule cells of the dentate gyrus via the 
perforant path. Secondly, the granule cells of the dentate gyrus form the mossy 
fibre system and connect to the pyramidal cells in the CA3 region. The third 
synapse is formed between the CA3 and CA1 pyramidal neurons through the 
Schaffer collateral system. The pathway returns to the EC through the 
projection of CA1 pyramidal neuron axons to the subiculum (Amaral and 
Witter 1989). 
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Similar to the SVZ, there are different cell types in the SGZ, the precursor cells 
called type-1 cells give rise to transiently amplifying type-2a, -2b and -3 cells 
(Kempermann et al., 2004). Type-3 cells proceed to post mitotic stage and go 
on to become the mature granule cells. There is a second line of thought that all 
hippocampal precursor cells are lineage-restricted progenitors (Seaberg and 
van der Kooy 2002, Bull and Bartlett 2005) but a recent study suggests the 
SGZ contains true stem cells which are multipotent (+,-./0121!et al., 2011) 
and also in vitro culturing protocols prove the existence of multipotent stem 
cells from the SGZ. (Palmer et al., 1995, 1997, 1999, Babu et al., 2007, 2011)  
 
Type-1 cells have radial glia like morphology with characteristic triangular 
shaped soma and long apical process and show astrocytic properties (314155,6!
78! .49! :**"). They express Nestin, Sox2, BLBP and GFAP markers but not 
S100!, a mature astrocyte marker (;871-7<!78!.49!:**#). Type-1 cells look like 
Figure 2. Anatomy of the hippocampus 
The hippocampus is composed from 2 C-shaped structures; the upper C has 3 regions, CA1, 
CA2 and CA3, while the lower C has the dentate gyrus. Pyramidal cells are found in CA1, 3 
and granule cells in the dentate gyrus. The mossy fibre pathway connects the dentate gyrus to 
the CA region. Figure adapted from (Guo-li Ming and Hongjun Song, 2005  
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a tree with the cell body in the SGZ and their branches extended through the 
granule cell layer to the molecular layer (Filippov et al., 2003, Fukuda et al., 
2003, Mignone et al., 2004). Even though these cells are more abundant in the 
SGZ, they rarely divide but on doing so they divide asymmetrically producing 
transiently amplifying neuronal precursors and at the same time maintaining 
the stem cell pool. (=->1-.?!et al., 2011, +,-./0121!et al., 2011)  
 
The transiently amplifying type-2a and2b cells are fast proliferating cells and 
are characterised by small soma and short processes with horizontal 
orientation. They both express Nestin and in addition type-2b cells are also 
positive for the immature neuronal marker Doublecortin (DCX) (Kronenberg et 
al., 2003). The immature neurons have very few synapses and start showing 
their first electrophysiological response to local GABA. Type-3 cells are 
similar to the neuroblasts of the SVZ and have rounded nuclei. Even though 
they are negative for Nestin, they still proliferate and express DCX and 
Polysialic acid-Neural cell adhesion molecule (PSA-NCAM). The maturing 
granule cells exit the cell cycle and start forming neuronal phenotypes 
characterized by first expression of calretinin, followed by calbindin (Brandt et 
al., 2003), a mature granule cell marker, and at last Neuronal nuclear antigen 
(NeuN), a mature neuronal marker. During the early stage of neuron formation, 
the axons are located in the hilus and the dentrites grow towards the molecular 
layer and respond to synaptic GABA (Ambrogini et al., 2004, Esposito et al., 
2005, Zhao et al., 2006). On the way to maturation, dendrites reach the outer 
edge of the molecular layer and the axons reach the CA3 layer and interact 
with the pyramidal neurons. After this stage, spines start to develop on the 
axons followed by dendrites and the neurons start forming synaptic 
connections (Zhao et al., 2006). The neuron maturation process continues for 
one month after initial spine formation and the new neurons start to show 
similar electrophysiological properties to the fully matured neurons (van Praag 
et al., 2002). 
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 2.1.4. Functional relevance of adult hippocampal neurogenesis 
 
It is complex to define the function of new neurons, but progenitor cells and 
new neurons can be considered to have roles at three conceptual levels: 1) the 
cellular level 2) network level and 3) system level. 
  
At the cellular level, patch clamp technique showed existence of 
electrophysiological properties of type-2 progenitor cells of the SGZ 
(Ambrogini et al., 2004). The cells during the process of maturation become 
hyperpolarized, have high capacitance and the new neurons formed have 
higher synaptic plasticity than their progenitor cell stage (Wang et al., 2000, 
van Praag et al., 2002). Co-culturing the hippocampal precursor cells with 
hippocampal astrocytes reveals the development of electrically active neurons 
that form synaptic networks. (Song et al., 2002) 
 
Neural integration into the existing network is seen as the response to synaptic 
activity. Using GFP labeling technique, a study shows the newly generated 
neurons from 7 week old adult rat to have electrophysiological function similar 
to older granule cells (Van Praag et al., 2002). In adult dentate gyrus, the new 
granule cells extend their axons along the mossy fiber tract and form functional 
connections (Stanfield and Trice, 1988, Hastings and Gould 1999, Markakis & 
Gage 1999). Infecting enhanced GFP labeled pseudorabies virus to the neurons 
of the entorhinal cortex showed GFP expression in new neurons of the dentate 
gyrus and in pyramidal neurons suggesting the synaptic integration (Carlen et 
al., 2002) of newly generated granule cells. 
 
The recruitment of new neurons to spatial memory circuits starts when they are 
two weeks old, and when they reach four weeks; the new neurons are preferred 
over the mature neurons for supporting spatial memory (Kee et al., 2007). The 
immature neurons are highly plastic and differ from the older granule cells by 
having a lower threshold of activation and for inducing long-term potentiation 
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(Schmidt et al., 2004, Wang et al., 2000, Ge et al., 2007). It is also important to 
note that all the new neurons formed won’t survive and many die within 
several weeks of birth and the survival is likely activity dependent (Jessberger 
and Kempermann 2003). 
 
The most common way to study the function of adult neurogenesis is to ablate 
it. Interrupting the cell cycle by drugs and irradiation are two commonly used 
means to interfere with the production of new neurons. Administration of the 
DNA methylating agent methylazoxymethanol (MAM), that prevents dividing 
cells from completing the cell cycle (Shors et al., 2001), for 14 days to down-
regulate hippocampal neurogenesis impairs the hippocampal dependent task of 
learning of trace eye-blink conditioning but not fear conditioning and spatial 
learning in the Morris water maze (Shors et al., 2002). This suggests 
hippocampal neurogenesis is of particular importance for trace learning. 
Irradiation decreases adult neurogenesis and in chronically irradiated rats long-
term, but not short-term, retention in the Morris water maze is impaired 
indicating the importance of adult hippocampal neurogenesis in long-term 
storage of spatial information (Snyder et al., 2005). 
 
By ablating adult neurogenesis in all neurogenic brain regions with the 
antiviral prodrug gancyclovir in transgenic mice expressing herpes virus 
thymidine kinase in GFAP-positive cells, contextual fear conditioning was 
impaired and perturbations in a certain type of dentate gyral Long term 
potentiation (LTP) was seen without deficits in spatial memory (Saxe et al., 
2006). But in contrast, contextual fear conditioning was not affected in nuclear 
receptor Tlx conditional knockout mice, in which hippocampal neurogenesis 
was greatly reduced (Zhang et al., 2008). Suppressing adult neurogenesis in 
mice with the drug temozolomide (TMZ) causes a learning deficit in the water 
maze task (Garthe et al., 2009). Another study reported impairment in spatial 
memory but not contextual fear learning when adult neurogenesis was reduced 
by ablation of Nestin positive neural precursors in adult mice (Dupret et al., 
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2008). There are so many controversies on the potential role of hippocampal 
neurogenesis in cognition, it is difficult to reach any definitive conclusions on 
this point.  
 
Computational modeling was also used to study hippocampal function. A study 
using a network model system of the hippocampus showed that constant 
neuron turnover helps to create distinct memory traces for highly similar 
patterns (Becker, 2005). There were two contradictory reports on pattern 
separation with the addition of immature neurons to the dentate gyrus, with 
Wiskott et al., (2006) showing a positive role of new neurons and Aimone et 
al., (2006) suggesting a negative effect.  The neurogenesis models have a 
common conclusion that new neurons have a better capacity to encode new 
features, which otherwise are poorly encoded by older neurons in the network  
(Aimone and Gage 2011).  
 
Apart from having all the beneficial effects, adult neurogenesis also contributes 
to non-beneficial and pathophysiological states. Adult neurogenesis induced by 
seizure activity doesn’t have any beneficial effect on learning and memory 
rather they induce occurrence of spontaneous seizures (epileptogenesis) and 
cognitive impairment (Jessberger et al., 2007, Kron et al., 2010). 
 
2.1.5. Regulation of adult hippocampal neurogenesis  
 
Regulation of adult neurogenesis is mostly viewed as the increase or decrease 
of newly generated cells by using BrdU labeling techniques. This method gives 
importance only to the quantity of the cells and not the quality, i.e. only on the 
numbers of new cells and not their functions. But the use of 
electrophysiological methods and gene/protein expression profiling are 
changing this situation and give a more precise view on regulation. 
 
!
INTRODUCTION 
! )$!
Various studies identify individual factors and emphasize their importance in 
regulating neurogenesis, but in reality these factors have some association and 
form regulatory networks (Kempermann, 2011). It is important to understand 
their relationship for precise definition of regulation and for further 
manipulations. 
 
Genetics 
  
The contribution of genetic background to adult neurogenesis is large and 
complex. It is wrong to treat adult neurogenesis as a monogenic trait; rather it 
involves different sets of genes interacting in wide variety of pathways.  The 
effect of genetic background has been studied and the existence of natural 
variation in adult hippocampal neurogenesis among different strains of inbred 
mice has been shown. A report showing 25-fold differences in net hippocampal 
neurogenesis between two strains of BXD recombinant inbred mice 
(Kempermann & Gage 2002) signifies the single influence of genetic 
background on this complex trait. The net effect of genetic differences on adult 
neurogenesis can be broken down to three main parameters: the proliferation of 
precursor cells, survival and neuronal differentiation. Genetic background 
variably influences all these three parameters with some degree of 
independence to each other. This topic is dealt with in more detail in the next 
chapter, 2.2. Systems genetics approach to adult neurogenesis. 
 
Hormones and growth factors 
 
Corticosteroids, which are produced in response to stress, regulate the balance 
between cell generation and cell death. Acute increase of corticosterone leads 
to decreased cell proliferation while chronic increase causes an increase in 
proliferation rate (Sapolsky et al., 2000). This discrepancy is due to the 
presence of two receptors with different binding affinities: the glucocorticoid 
receptor (GR) and mineralocorticoid receptor (MR). The GR present in 
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precursor and mature cells modulates acute response while MR, present only in 
mature cells, mediates the chronic response. Corticosteroids exert their 
influence through NMDA receptor activity to control adult neurogenesis.  
The female sex hormone estrogen has a positive effect on neurogenesis and it 
depends on activation of the serotonergic system for its activity (Banasr et al., 
2001). 
 
Growth factors provide important extracellular signals and have a positive 
effect on adult neurogenesis. Epidermal growth factor (EGF) and fibroblast 
growth factor-2 (FGF-2), the two most commonly analyzed growth factors, 
have strong mitogenic effects on precursor cells. EGF has progliogenic 
properties and FGF-2 has proneurogenic characteristics (Kuhn et al., 1997) and 
in addition FGF-2 also induces telomerase activity in neural precursor cells 
(NPCs) thus also maintaining precursor cell function (Haik et al., 2000). 
Insulin like growth factor-1 (IGF-1) has a mild mitogenic effect, IGF-1 
infusion induced cell proliferation and net neurogenesis (Aberg et al., 2000, 
2003, Lichtenwalner et al., 2006). Apart from this they preferentially induce 
oligodendrocytes differentiation of hippocampal precursor cells (Hsieh et al., 
2004). 
 
Vascular endothelial growth factor (VEGF) induced neural precursor cell 
proliferation in vitro and in vivo (Jin et al., 2006). Another well-studied growth 
factor, the brain-derived neurotrophic factor (BDNF) under normal conditions 
increases neurogenesis but in pathological situations has a negative effect 
(Gustafsson et al., 2003).  In vitro addition of BDNF down regulates 
proliferation of precursor cells and induces differentiation (Cheng et al., 2003). 
 
Neurotransmitters 
 
The neurotransmitter glutamate exerts different effects on adult neurogenesis 
through Kainic acid (KA) and N-methyl-d-aspartic acid (NMDA) receptors. 
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Blockade of NMDA receptors with antagonist MK-801 enhances cell division 
whereas systemic injection of glutamate analogs inhibit this (Gould et al., 199, 
Cameron et al., 1995)  
 
Acetylcholine in an important neurotransmitter and hippocampal adult 
neurogenesis was reduced when acetylcholinergic neurons in forebrain were 
lesioned with immunotoxin (Cooper-Kuhn et al., 2004). The neurotransmitter 
serotonin augments dentate neurogenesis, but the effect depends on the 
serotonin receptor subtypes. The selective serotonin uptake inhibitor fluoxetine 
increases the number of BrdU positive cells in rats (Jacobs et al., 1999).  
When dopamine activity is reduced with low dose of an antagonist, clozapine, 
cell proliferation was induced but no increase in net adult neurogenesis was 
found (Halim et al., 1999). Generally monoamines when administered 
chronically induce cell proliferation (Dawirs et al., 1998; Jacobs et al., 1999; 
Malberg et al., 2000) and coincide with the antidepressant time course 
treatment. Also, enhanced monomine levels are responsible for an increase in 
neurogenesis by voluntary exercise. Inhibiting GABA inhibition with 
pentylenetetrazole induced adult neurogenesis in seizure models  (Jiang et al., 
2003) 
 
Lifestyle 
 
Living in an enriched environment has a strong enhancing effect on 
hippocampal neurogenesis (Brown et al., 2003). Depending on the genetic 
background, environment enrichment either has a survival promoting effect or 
induces cell proliferation (Kempermann et al., 1998). Enriched environment 
affects the early stages of neuronal development by increasing the number of 
Nestin and Prospero homeobox protein 1 (Prox1) positive cells (Kronenberg et 
al., 2003). Complexity and novelty in enriched environment pave way for 
continuous learning, which may be the reason for the survival promoting 
effect.  
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A similar higher-level increase in hippocampal neurogenesis is found with 
voluntary physical activity (Van Praag et al., 1999a). Voluntary running 
increases the cell proliferation and survival of granule neurons in SGZ (Eadie 
et al., 2005, Kronenberg et al., 2003, van Praag et al., 1999b), also forced 
treadmill running has a similar effect (Trejo et al., 2001, Ra et al., 2002, Kim et 
al., 2004). 
 
Stress is a well-known negative regulator of adult neurogenesis. Stress impairs 
cognitive abilities and decreases learning and memory function (Austin et al., 
2001, Fossati et al., 2002). There is a volumetric reduction in hippocampal 
volume in patients suffering from depression (Sheline et al., 1996, 1999, 
Bremner et al., 2000). Chronic treatment (28 days) with the antidepressant 
fluoxetine enhanced survival of postnatally born hippocampal neurons in mice 
(Wang et al., 2008) and is associated with upregulation of growth factors 
BDNF, FGF-2, VEGF, and IGF-I in brain (Duman and Monteggia, 2006).  
 
Age is an important factor that plays a significant role as a negative regulator 
of adult neurogenesis in rodents (Altman and Das, 1965). Response to enriched 
environment in old age mice was stronger than in young ones (Kempermann et 
al., 1998). Even though contradictory reports exist (Goldman et al., 1997), age 
affects the stem cell niche and its vascular components decreasing the 
possibility of precursor cell isolation (Maslov et al., 2004).  
Seizure induces over-activity of excitatory synapses and enhances cell 
proliferation and net neurogenesis in adult hippocampus (Parent et al., 1997) 
 
Hypoxia regulates the proliferation and differentiation of neural precursor 
cells. Global and focal ischemia induces cell proliferation and neural 
differentiation of NSCs (Burgers et al., 2008). Deletion of hypoxia inducible 
factor-1! (HIF-1!) impairs hippocampal neurogenesis by modulating Wnt/"-
catenin signaling (Mazumdar et al., 2010). Intermittent hypoxia promotes 
hippocampal neurogenesis and produces antidepressant-like effects in adult 
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rats (Zhu et al., 2010). In vitro culturing of NSCs under hypoxic conditions 
increases the proliferation rate of NSCs (Studer et al., 2000). More details 
about hypoxic regulations are given in chapter 2.3.  Redox regulation on stem 
cells.  
 
2.1.6. In vitro culturing of neural stem cells  
 
Due to the scarcity of NSCs in vivo, it is necessary to expand them in vitro for 
more detailed studies. In vivo, neural stem cells reside in a complex niche and 
even though it is easy to isolate them, it is difficult to culture them by giving 
the minimum niche condition that will preserve their intrinsic properties and 
capabilities. In the last two decades, protocols were developed allowing the 
NSC isolation and culture as either floating neurospheres (Reynolds and Weiss 
1992, Morshead et al., 1994, Laywell et al., 1999, Seaberg and van der Kooy, 
2002, Bull and Bartlett, 2005) or adherent cultures (Palmer et al., 1995, 1997, 
1999, Johe et al., 1996, Song et al., 2002, Babu et al., 2007, 2011).  The 
protocols start with tissue microdissection, dissociation and culturing the 
isolated cells in mitogen containing defined growth medium.  
 
To expand NSCs as neurospheres, cells are isolated and plated in low-
attachment tissue culture plastic dishes in serum-free media supplemented with 
EGF and/or FGF2 (Reynolds and Weiss 1992, Svendsen et al., 1998, Gritti et 
al., 1999, Caldwell et al., 2001). These conditions are conducive for the NSCs 
to divide and grow as neurospheres, eliminating the growth of any committed 
progenitors and differentiated cells. Later, these primary neurospheres are used 
for expansion by dissociating and replating them. The colonies formed, called 
secondary neurospheres, can grow in culture for several passages and can be 
stored for future use (Reynolds and Rietze, 2005). Differentiation can be 
induced simply by growth factor removal or by adding other factors like 
retinoic acid, serum or neurotrophic factors (Caldwell et al., 2001). Even 
though the neurosphere culture is believed to recapitulate the in vivo niche like 
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condition (Bez et al., 2003) the heterogeneous nature of the cells can be seen in 
their three dimensional structure (Reynolds and Rietze, 2005). The cells in the 
core differentiate more compared to the cells at the surface as they are exposed 
differently to the growth factors in the medium suggesting that the neurogenic 
potential of the neurosphere is compromised. 
 
In contrast to neurospheres, the adherent culture system allows the culturing of 
NSCs as monolayers and is more homogenous in terms of cell population. It 
gives an easy way for morphological observation, immunology and 
biochemical assays of the cells (Babu et al., 2007, 2011). The isolated cells are 
directly plated in coated plates and expanded as adherent monolayers in 
defined media with EGF and FGF2. (Palmer et al., 2001) The most common 
coating substances used are polyornithine, laminin, polylysine or fibronectin, 
alone or in different combinations (Ray et al., 1993, Gage et al., 1995b, 
Vicario-Abejon et al., 2000). The two growth factors EGF and FGF2 are 
important for the derivation and propagation of these adherent cells and help 
maintaining their tripotent differentiation capacity (Gage et al., 1995a, Weiss et 
al., 1996a, McKay et al., 1997). This two-dimensional cell culture condition 
has advantages over the neurosphere culture method by minimising 
spontaneous differentiation and providing symmetrical self-renewal over long-
term culture. Throughout my experiment I will use the adherent monolayer 
system for culturing and expanding the precursor cells (Babu et al., 2007, 
2009, 2011).  
 
2.2. Systems genetics approach to adult neurogenesis 
 
There are various intrinsic and extrinsic factors differently regulating several 
levels of adult hippocampal neurogenesis. The genetic influence on adult 
hippocampal neurogenesis was reported in earlier studies by showing variation 
in different mice strains grown up under similar environmental conditions 
(Kempermann et al., 1997). The same group in later studies uses two large 
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genetic reference populations to show variation and genetic covariance in four 
key parameters of adult neurogenesis; proliferation, survival, new neuronal and 
new astrocytic cell survival (Kempermann et al., 2006).  
 
The variation in adult neurogenesis is the result of complex interaction between 
various genetic and environmental factors. A difference in gene expression 
cause perturbations to the transcription and biological network and ultimately 
leads to a different phenotype. It is important to integrate the gene variants and 
environmental factors to the trait to understand the network controlling that 
trait.  In systems genetics approach, different trait networks are related to 
different networks of gene and environmental variants to find global genetic 
modulation of the complex phenotype. The availability of genetic reference 
panels makes it easy to acquire diverse phenotypic data and advanced 
computational models make it possible to analyse their relationship.  
 
2.2.1. Introduction to systems genetics  
 
Systems genetics (Sieberts and Schadt, 2007) or Genetical genomics (Jansen 
and Nap 2001) is an emerging branch of system biology that integrates the 
variation in DNA sequence, variation in transcript abundance, variation in 
molecular and cellular events and the organismal phenotypes using a mapping 
population to understand the relationship between genotype and phenotype. In 
this approach, different network of traits and network of genes are correlated to 
find a meaningful causal network.  
 
Systems genetics requires the availability of genotypic and phenotypic data. 
Methods like polymerase chain reaction and sequence analysis were used for 
obtaining genotypic data and with the advent of the new technologies like high 
throughput sequencing and genotyping arrays now it is possible to obtain fast 
and precise genotypic data. A phenotype is an observable characteristic 
produced by the interaction between genotype and the environment. 
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Statistically it is possible to dissect out the effect of genotype from the 
environmental effects on the phenotype and this is referred to as heritability 
(discussed later). Genetic reference populations, which are genetically well-
characterized lines, are often used in systems genetics studies as a source to 
study a multitude of different phenotypes and to find the causal relations from 
networks of genetic correlations. 
 
The field of systems genetics is gaining importance now and has its 
applications in understanding the genetic regulation of complex traits (Ayroles 
et al., 2009) and diseases (Sieberts and Schadt, 2007, Cookson et al., 2009). 
With the improvement in experimental conditions and computational methods 
(Langfelder & Horvath, 2008, Stone & Ayroles, 2009) it is possible to 
understand how the variations in the genetic component impact the phenotype 
and what effect it causes at the whole organism scale. By identifying the 
covariance among molecular and physiological phenotypes using a systems 
genetics approach (Bystrykh et al., 2005, Gatti et al., 2007, Overall et al., 2009) 
it should be possible to modulate the phenotypic outcomes of complex traits 
and to treat and prevent diseases.   
 
2.2.2. Recombinant inbred  
 
Recombinant inbred (RI) strains are genetic reference populations commonly 
used in linkage studies and to dissect out complex genetic traits. Bailey 
introduced the idea of RI lines with the purpose of detecting major-gene effects 
and to establish linkage (Bailey 1971, 1981). Conventionally, RI strains are 
produced from two inbred parental strains. The inbred lines are crossed to form 
heterozygous F1 generation and the F1 are intermated to create F2 and then 
sibling mated for 20 or more generations to ensure they are at least 99% inbred 
(Bailey 1971, Taylor 1976, Silver LM, 1995). At the end each RI line produced 
has two identical copies of each chromosome and is just a pure mosaic of the 
parental genomes. Since the lines are homozygous, each of the RI strains for a 
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given gene will contain the allele of either one or the other parental strain. 
When a segregating trait is found, the linkage can be determined by matching 
the allelic pattern for the locus across the RI strains, termed as the strain 
distribution pattern (SDP) to the previously known markers.   
 
But unlike qualitative traits that are controlled by a single major gene, several 
genes with moderate effect generally influence complex quantitative traits. 
With the improvement in genotyping of RI strains with new markers and 
increasing data on SDP, RI strains are also used in identifying Quantitative trait 
loci (QTLs) associated with quantitative traits (Taylor 1976, Williams RW 
1998, Williams RW et al., 2000, 2001, Lu L et al., 2001, Peirce JL et al., 2003). 
For mapping the QTL associated with a trait, the natural variation found among 
the RI strains were used and are correlated to the allelic variation (Sax, 1923). 
The idea of using RI strains to analyze QTLs associated with complex traits 
comes in late 1970s (Taylor 1976, Klein 1978) by correlating genetic marker 
information with quantitative phenotypes. Classically, the association was 
calculated using Pearson correlation and with the use of multiple markers and 
interval mapping approach, the strength and significance of this association 
calculation are improved (Lander and Botstein 1989).  
 
The effectiveness of RI strains is directly related to the size of the RI panel; the 
more strains available per panel, the more precisely the trait is mapped. With 
the increased number of animals used or with multiple crossover points per 
genome, the influence of environmental factors and human handling are 
eliminated or kept at low levels. This is particularly useful for precise 
estimation of phenotypes associated with low to medium heritability. An 
advantage of using RI strains for QTL mapping is the acquisition of high 
amounts of recombination during their generation process and this give a great 
map expansion, which in turn provide easy mapping of closely linked loci. The 
replicable nature of data obtained from RI strains offers another advantage of 
multidimensional approach to a problem with results from different groups and 
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different methods easily pooled together. 
 
2.2.3. BXD RI mice strains 
 
The nomenclature for mouse RI strains are standard and are often named as 
three parts, the first being the abbreviated name of female parent and the last 
being the abbreviated name of male parent separated by X, e.g. AXB, BXA, 
BXD, BXH, and CXB are the five commonly used mouse RI strains. The 
choice of use depends on the field of study and from the previous data 
available for a particular strain. 
 
BXDs are the largest recombinant inbred mice panel available and they are 
obtained by crossing inbred female C57BL/6J with male DBA/2J mice lines 
(Taylor 1978) (Figure 3). They were produced at two different places. The first 
of BXD lines from 1 - 42 were produce by Jackson laboratory and lines 43 – 
100 were produced at University of Tennessee. The new set of BXD strains 
from BXD 43 –100 were highly recombinant and were produced from 
advanced intercrosses, which is by random and sequential intercrossing of 
population that is initially resultant from two inbreds. These advanced 
intercross lines contain twice as many recombinations as the older BXD 
strains.  Since the complete genomic sequence data of both the parents are 
available and all the BXDs are genotyped, the phenotype-genotype correlation 
can be done very efficiently. Availability of hippocampal and other brain 
region gene expression data for BXDs prompted us to use BXDs as the model 
for studying in vitro genetic regulation of adult hippocampal precursor cells 
(AHPCs). 
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The parental strains C57BL/6J and DBA/2J mice represent the two extremes to 
study adult neurogenesis parameters, with DBA/2J being poor learners and 
which have low basal level neurogenesis compared to C57BL/6J. A study from   
Kempermann et al., 2006 measured the neurogenic parameters among the BXD 
mice strains and found 70% of variation in hippocampal neurogenesis are 
accounted by heritable factors. This makes it easier to dissect the genetic basis 
Figure 3.  BXD recombinant inbred mice panel  
 The two parental strains C57/BL6J and DBA/2J were mated to produce F1 generation. The F1 
animals were mated to produce F2 and then after brother sister mated for 20 or more 
generations. 
 
   C57BL/6J                                DBA/2J 
F1 
F2 
F3 
~ 20 
crosses 
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of variation but on the other hand, the linkage analysis among these traits 
shows the complex genetic control associated with adult neurogenesis traits.  
 
2.2.4.  QTL analysis 
 
QTLs are regions in the genome, which control a specific trait of interest 
(Gelderman, 1975). QTLs differ from Mendelian loci by having a continuous 
modest effect on phenotype rather than having a discontinuous and predictable 
segregation pattern. QTL analysis is a statistical method used to find the 
regions associated with a particular phenotype (Falconer & Mackay, 1996, 
Kearsey, 1998, Lynch & Walsh, 1998). The main aim of QTL analysis is to 
locate all the QTLs associated with a trait, although it normally ends up in 
finding major effect genes of that trait. It also answers if the phenotype is 
controlled either by few loci with big effects or by many loci with smaller 
effects. The basic principle of classic QTL is trait segregation along with the 
markers and necessitated the availability of two or more genetically different 
lines corresponding with the phenotypic trait. Markers like single nucleotide 
polymorphisms (SNPs) and microsatellites are used for genotypic distinctions 
(Vignal et al., 2002). 
 
QTL mapping is achieved in four basic steps; the first one is the measurement 
of variation for a trait in the individuals.  It is a prerequisite to have the traits 
that show phenotypic variability among the individuals (inbred strains). The 
phenotypic variation (VP) is due to the genetic (VG), environmental factors 
(VE) and various interactions between them. The greater the variation due to 
genetic factors, the better is the chance to map QTLs.  
 
The second step is to find the heritability of the observed variation. Heritability 
estimation gives an idea about the genetic contribution to variation in 
phenotypic trait and is measured as the ratio of phenotypic variance that is due 
to genetic factors to the total variance. The variation in genotype may be 
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because of additive effect of all allelic interaction, dominance effect or 
epistatic interaction and maternal, paternal effects. Broad sense heritability 
(H
2
) measures the variation due to all these effects and narrow sense 
heritability (h
2
) takes in account only the additive variations (VA). 
 
H
2 
= VG/VP  and h
2
 = VA/ VP  where VP = VG + VE 
 
Heritability is a proportion and has values in the range 0 to 1, with value of 0 
indicating the phenotypic variation is only due to environmental factors and no 
contribution from genes at all and value 1 indicating genetics is the only 
contributing factor of the variation.  
 
The third step is efficiently gathering the phenotype and genotype data from 
the individuals. The phenotype is any measurable trait and genotyping is done 
using various markers. These markers are unique for every strain and follow a 
particular strain distribution pattern. The last step is establishing a linkage map 
and doing the statistics of QTL and there are four commonly used methods for 
doing a linkage analysis, namely; regression method, likelihood method, 
variance component method and Bayesian method. For statistical purpose, to 
check significant thresholds, either permutation test or Bayesian factors are 
used and for confidence interval check, bootstrapping is the preferred method. 
 
For our study, we use WebQTL for QTL mapping. WebQTL 
(http://webqtl.org) uses interval mapping, to estimate the position of QTLs 
across a chromosome (Wang et al., 2003, Chesler et al., 2004, Chesler EJ and 
Williams RW 2004). The significant linkage between the phenotypic trait and 
genotype is generated by using permutation test and by calculation of the 
likelihood ratio statistic (LRS). A higher LRS indicates that the associated 
portion of the chromosome harbours the genes most likely influencing the 
phenotypic trait. 
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 2.2.5. Gene expression profiling 
 
Changes in gene expression often change the activity of the gene, which in turn 
leads to a change in the phenotype. Like other quantitative traits, a change in 
mRNA level is also a quantitative trait and can be used to identify the genetic 
loci associated with them and these are called expression QTLs or eQTLs 
(Schadt et al., 2003, Damerval et al., 1994). Owing to the abundance of 
transcripts produced in an organism, it is difficult to follow all of them, 
however recent technologies like microarray and deep sequencing have the 
potential to monitor thousands of transcripts simultaneously and are commonly 
used in gene expression studies (Celis J.E. et al., 2000). They allow us to 
compare transcript levels from samples from different individuals and find any 
association between the gene expression and the phenotype. eQTL data cannot 
be used alone to dissect the effect of gene causing change in phenotypes, 
instead the eQTL data have to be compared with the supporting experimental 
data. eQTL mapping has potent applications in narrowing down the list of 
candidates obtained from traditional QTL approach by identifying the 
expression traits associated with the traits. 
 
The eQTLs are classified into cis or trans based on the relative genomic 
locations of the transcript and its QTL.  In the cells DNA is transcribed into 
RNA and translated into proteins. Any variation in the DNA sequence, which 
modifies the expression pattern of the same gene, is identified as an eQTL 
during QTL mapping and termed a cis eQTL. In other words, if the variation in 
the gene region in itself is giving rise to the difference in gene expression, then 
that QTL is called as cis QTL. Since DNA variation is directly related to the 
cis QTLs, they are easy to detect and have proven to be of significant 
importance in contributing to the overall variance of traits (Brem et al., 2002, 
Schadt et al., 2003, Cheung et al., 2005, Chesler et al., 2003, Radcliffe et al., 
2006). In the other hand, if the change in DNA sequence of a gene effects the 
expression of other genes instead of its own transcript that is associated with a 
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trait, this leads to identification of eQTL, which are not cis but called trans 
eQTL. The genes with a trans QTL may not have any DNA modification; 
instead they are affected by a distant polymorphic genetic element. 
 
2.3. Redox regulation on stem cells       
  
As a second project, I am also interested in studying a basic mechanism, which 
can regulate this genetic effect on adult hippocampal neurogenesis. Redox 
balance is one such mechanism that acts at the cell-cell signaling level and I 
want to analyze its effect on the fate of hippocampal precursor cells. 
  
2.3.1. Biology of Redox  
 
Redox is defined as the reduction - oxidation reaction and it is the balance 
between oxidized (ROS; Reactive oxygen species, RNS; Reactive nitrogen 
species) and reduced species (antioxidant and antioxidant enzymes) that 
determines the redox state of the biological system. Under physiological 
conditions, the intracellular milieu is reduced compared to the extracellular 
environment. The intracellular redox state is determined by measuring the ratio 
of oxidized and reduced forms of redox couples. The most common redox 
couples are NAD
+
/NADH, NADP
+
/NADPH and GSH/GSSH. This couples 
themselves and in association with other couples affect the intracellular redox 
state.  
 
All aerobic organisms depend on oxygen as the fundamental molecule for 
respiration and metabolism. Oxygen radicals produced as the by-product of 
metabolism activate many kinds of signaling pathways commonly referred to 
as redox signaling. There are two important sources in the cell for the 
generation of ROS. The first one being the NADPH oxidase (NOX) complex, 
the NOX family, and the second source is through the electron transport chain 
in mitochondria. Apart from these two main sources, ROS are also produced in 
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the endoplasmic reticulum, the nuclear membrane and peroxisomes. The 
common forms of ROS include superoxide radicals (O2
-
), hydroxyl radicals 
(OH
·
), hydroperoxy radicals (HO2
·
), peroxy radicals (RO2
·
), and alkoxy radicals 
(RO
·
)  
 
An increase in ROS level results in oxidative stress to the cells and often a 
variety of disease, stress and cancers are associated with increased oxygen 
radicals (reviewed by Sarsour et al., 2009). Cells are evolved with intrinsic 
mechanisms to sense and defend against this oxidative stress.  Antioxidants 
and antioxidant enzymes like superoxide dismutase, catalase and glutathione 
peroxidase sense and detoxify the ill effect of ROS (reviewed by Mates et al., 
1999). Also there are various signaling mechanisms activated or repressed in 
response to ROS levels. A little ROS is tolerable and activates the signaling 
mechanisms, which initiate proliferation and the survival process (Burdon and 
Rice-Evans 1989, Burdon et al., 1996), while a high ROS level is followed by 
cell cycle exit or cell death pathways (Murrel et al., 1990, Droge, 2002). Under 
mild a prooxidant milieu, growth factors like EGF, PDGF, Nerve growth factor 
(NGF) are stimulated and hypoxia-inducible factor (Hif-1a), nuclear factor 
kappa B (NF-#B), mitogen activated protein kinase (MAPK), AKT pathways 
are activated which have a positive effect on proliferation. (Bhunia et al., 1997, 
Yu et al., 1995, Guyton et al., 1996, Murrel et al., 1990, Droge 2002; Poli et 
al., 2004) 
 
2.3.2. Cellular Antioxidants and Pro-oxidants 
 
Antioxidants 
 
Antioxidants are substances, which delay or inhibit the oxidation of a substrate 
(Halliwell et al., 1989). They do it either at an earlier stage by preventing the 
formation of ROS or deactivating them if they are already formed. The highly 
reactive free radicals produced by the activity of antioxidants are converted 
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into non-reactive, non-radical products. Sometimes transferring the radicals 
from the susceptible areas to the less deleterious areas reduces the oxidative 
damage by the ROS. In biological system two types of antioxidants exist; 
enzymatic and non-enzymatic antioxidants. There are 3 major classes of 
enzymatic antioxidants namely, superoxide dismutase (SOD), catalase and 
glutathione peroxidase (GPx).  
 
SODs are enzymes with metal ion cofactor and catalyze the conversion of 
superoxide into oxygen and hydrogen peroxide (McCord et al., 1969, Fridovich 
et al., 1983). Depending on the metal cofactor, there are three major types of 
SODs; Cu/Zn type, Fe and Mn type and the Ni type which binds to 
copper/zinc, iron, manganese and nickel respectively (Bannister et al., 1987). 
In cells, Cu/Zn SOD (SOD 1) is found in the cytosol, Mn SOD (SOD 2) in 
mitochondria and SOD 3, also a Cu/Zn type, is found extracellularly (Zelko et 
al., 2002). Cells are very sensitive to SOD effects, any reduction or deletion in 
SOD activity leads to lethal effects. The hydrogen peroxide produced as a by-
product of oxidative metabolism and SOD activity is a harmful oxidant and is 
decomposed by catalase enzyme to water and oxygen. A catalase deficiency in 
animals shows only few ill effects, indicating this enzyme is important only 
under some conditions. Glutathione peroxidases catalyse the reduction of 
various peroxides including hydrogen peroxide to water. There are at least four 
forms of GPx found in mammalian species with GPx1 being the most abundant 
one.  
 
The common non-enzymatic antioxidants include vitamin C, E, and glutathione 
(GSH). Vitamin C is water-soluble antioxidant and acts as an electron donor to 
reduce ROS and RNS (Padayatty et al., 2003). Vitamin E is a lipid soluble 
antioxidant and effectively inhibits the peroxidation of lipids (Packer et al., 
2001). The antioxidant glutathione (GSH) in its reduced form is capable of 
donating electrons to the ROS and making them less harmful. While doing so, 
GSH is oxidized into GSSG (oxidized glutothione) but is reverted back to GSH 
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by the activity of glutathione reductase in healthy normal cells. The ratio of 
GSH to GSSG is a good indicator of the redox state of the cell. A higher GSSG 
to GSH ratio implies oxidative stress in the cells. 
 
Pro-oxidants 
 
Pro-oxidants are substances that promote the formation of oxidants and include 
different class of agents like higher oxygen tension, radiation, xenobiotic 
metabolites, Fenton-type reagents, peroxisome proliferators, inhibitors of the 
antioxidant defense, and membrane-active agents (Cerutti, P. A. 1985). 
Oxidants, when produced at higher concentrations induce oxidative stress and 
lead to various pathophysiological conditions. The common form of oxidants is 
free radicals like superoxide, hydroxyl radical and hydrogen peroxide. In 
healthy cells, an intricate balance is maintained with the help of antioxidants to 
keep the level of oxidants at safe levels. Oxidants play an important role in 
controlling cell growth and differentiation by acting on cell signaling 
pathways. They either activate or repress gene transcription and also modify 
the function of the gene by epigenetic mechanisms. 
 
2.3.3. Redox effect on stem cells  
 
Stem cells are characterised by their ability to self renew and differentiate 
based on the cues available. A growing body of literature suggests redox 
regulation as a fundamental mechanism beyond this functional 
characterisation. In vivo, the stem cells reside in hypoxic niches and these are 
necessary to maintain the quiescent state of these cells. 
  
Different types of stem cells cultured in hypoxic conditions showed increased 
proliferation and survival. In response and adaptation to hypoxia, cells activate 
over 200 genes that include vascular endothelial growth factor (VEGF), 
erythropoietin (EPO) (Semenza 2007) and various transcription factors like 
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HIF and NF-$B (Cummins et al., 2005). Studies show that hematopoietic stem 
cells (HSCs) expanded in hypoxic conditions have a better ability to repopulate 
lethally irradiated mice (Cipolleschi et al., 1993).  An increased ROS level 
impairs the life span of HSCs and is associated with the activation of the stress-
induced p38 MAPK pathway. Antioxidant treatment or inactivation of p38 
MAPK restores this effect (Ito et al., 2006). Others report defective HSC 
numbers and activity by accumulation of ROS due to loss of genes ataxia 
telangiectasia-mutated gene (ATM) and Forkhead box O (FoxO)  (Ito et al., 
2004, Tothova et al., 2007).  Culturing of human bone marrow stem cells in 
hypoxia increases its survival and/or self-renewal rate (Danet et al., 2003). 
Hypoxia (5% oxygen) also increases the reprogramming efficiency of mouse 
and human fibroblast to iPS cells (Yoshida et al., 2009). 
 
Neural stem cells also respond to redox balance. An increased proliferation and 
neural differentiation of mouse embryonic ganglion NSCs was observed when 
cells cultured at 2% oxygen concentration compared to 20% oxygen. However 
0% oxygen has deleterious effects, as evidenced by a four-fold increase in cell 
death (Horie et al., 2008).  In mouse cortical NPCs, oxidative conditions inhibit 
proliferation and shift the cells towards astrocytic differentiation (Prozorovski 
et al., 2008). Modulation of the redox state with pro-oxidants and antioxidants 
has a different effect on differentiation on NSCs. Pro-oxidants buthionine 
sulfoximine (BSO), diethyldithiocarbamate (DETC) promote the astrocytic 
lineage whereas antioxidants lipoic acid (LA), N-acetylcysteine (NAC) 
increase the proportion of neurons in mouse cortical NPCs (Prozorovski et al., 
2008).  
 
 
 
 
 
 
!
INTRODUCTION 
! "#!
2.4. Aims of this study 
 
Adult neurogenesis is a complex quantitative trait and in vivo studies suggested 
adult hippocampal neurogenesis as highly variable and heritable among 
different laboratory strains of mice. For my research, I am interested in 
dissecting out the genetic background underlying the intrinsic properties of 
hippocampal precursor cells by using systems genetics approach. 
 
For analyzing this, I want to  
 
- Use BXD RI mice panel as reference population. 
- Extract and culture AHPCs from BXDs. 
- Measure the phenotypes - proliferation, neuron and astrocyte 
differentiation of AHPCs. 
- Use these data to find the regions in the genome contributing to the 
differences. 
- Use advanced technology and computation to find individual 
candidates regulating adult hippocampal neurogenesis. 
 
As a second project, I am interested to investigate the influence of the 
environment on the AHPCs. As part of my study, I am trying to understand 
what the consequences are of altered oxygen concentration on the proliferation 
and differentiation of AHPCs in culture. 
!
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3. MATERIALS AND METHODS 
 
3.1. BXD mice 
 
 BXD recombinant inbred mice were obtained from the GeNeSys (German 
Network for Systems Genetics) consortium and were housed in 12 hours 
light/dark cycle with the availability of food and water ad libitum. All local and 
federal regulations regarding animal welfare were followed during the handling 
of animals. From every mouse strain, 8-10 animals of mixed sexes at 5-7 
weeks of age were used for precursor cell preparation. Before the experiment 
the body weight of every animal was recorded. The animals were sacrificed by 
cervical dislocation and then decapitated before removing the brain.  
 
3.2. Reagents  
 
3.2.1. List of Reagents 
 
Reagent Company Cat. Nr. 
 
Coating 
  
Laminin Roche  11243217001 
Poly-D-lysine (PDL)  Sigma P7405 
 
Cell Extraction   
Deoxyribonuclease Worthington  LS002139 
Dispase II Roche 04942078001 
Glucose Applichem A0883 
Hepes  Sigma H3375 
NaHCO3  Amresco 144558 
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Papain  Worthington LS003126 
PBS (10x) Gibco 14200-067 
Percoll  GE HealthCare  17089102 
   
Cell Culture   
5-Bromo-2!-deoxyuridine (BrdU) Sigma 858811 
Accutase  PAA L11-007 
B-27 Supplement Invitrogen 17504-044 
B-27 Supplement minus AO  Invitrogen 10889-038 
basic Fibroblast growth factor 
(bFGF) 
Peprotech 100-18B 
DMEM/F-12 Medium Invitrogen 21331-020 
Epidermal growth factor (EGF) Peprotech AF-100-15 
Glutamax Invitrogen 35050-038 
Hank´s balanced salt solution  
(HBSS) 
PAA H15-009 
 
N-Acetyl-L-cysteine  (NAC) Sigma  A9165 
Neurobasal Medium Invitrogen 21103-049 
Penicillin-Streptomycin Invitrogen 15140-122 
Trypan blue Sigma  T8154 
 
Staining    
Donkey serum Jackson Immuno 
Research 
017000121 
Hydrochloric acid (HCl) VWR  20252.290 
Sodium tetraborate decahydrate Sigma  B9876 
Triton X 100 Sigma  T9284 
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Transformation and 
nucleofection 
Plasmid extraction miniprep kit Qiagen  12123 
Plasmid extraction midiprep kit Qiagen  12143 
Primary neuron nucleofection kit Lonza VPI-1003 
LRP6 shRNA plasmid Origene   TR509944 
 
PCR and western blot   
Acrylamide 30% Roth    A124.1 
Ammonium persulfate (APS)  Merck            1.01201.0100 
Dc Protein assay kit  BioRad    500-0114 
dNTP mix Invitrogen   18427-013 
Ethylenediaminetetraacetic acid 
(EDTA) 
Sigma   
 
E5134 
Hyperfilm ECL Amersham 28906836 
Nonident P40 (NP40) Applichem  A22390025 
Nitrocellulose membrane Biorad  162-0252 
oligo (dT) primer  Invitrogen 18418-012 
PCR SuperMix Invitrogen 10790-020 
Protease inhibitor Roche 11697498001 
Protein Standards  Biorad  161-0374 
RNeasy minikit Qiagen  74106 
Sodium dodecyl sulfate Roth 2326.1 
Sodium Deoxycholate  Sigma  D6750 
Superscript II RTase  Invitrogen 18064-014 
SYBR green Qiagen  204243 
Tetramethylethylenediamine 
(TEMED) 
Biorad 161-0800 
Tris Sigma  T1503  
Tween 20 Merck  8221840500 
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Western blot substrate Thermo Scientific 32106 
 
Primary Antibodies   
Monoclonal anti BrdU AbD Serotec  OBT0030 
Monoclonal anti-Nestin BD Biosciences 611658 
Polyclonal anti GFAP  Dako Cytomation Z0334 
Polyclonal anti SOX2  Chemicon 
International 
AB5603 
Monoclonal anti MAP2ab Sigma  M1406 
Monoclonal anti O4  R&D Systems  MAB1326 
Monoclonal anti LRP6 Abcam  ab 75358 
Polyclonal anti pLRP6 Cell Signalling 2568 
 
Secondary Antibodies   
Donkey anti-rat Cy3  Dianova 715475151 
Donkey anti-rabbit Cy3 Jackson Immuno 
Research 
711165152 
 
 
Donkey anti-mouse Dylight 405 Jackson Immuno 
Research 
715505151  
Donkey anti-mouse Dylight 549 Jackson Immuno 
Research 
712165153 
Donkey anti-rabbit Dylight 405 Jackson Immuno 
Research 
712165153 
Microarray analysis   
 
MouseWG-6v2.0 Expression 
BeadChip Kits 
Illumina BD-2010202 
Total Prep RNA Amplification 
Kit  
Illumina AMIL1791 
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3.2.2. Reagents preparation 
 
Poly-D-lysine (PDL) 
The stock solution of PDL was prepared in double distilled water (DD H20) at        
1 mg/ml concentration and stored at –20°C. The working concentration was 10 
µg/ml and made by diluting the stock with DD H20. 
Laminin 
The ready-made stock of 500 µg/ml was diluted with DMEM/F-12 media to a 
final concentration of 5 µg/ml 
Coating culture dishes 
The plates were coated first with Poly-D-lysine 10 µg/ml at room temperature 
overnight, and then washed twice with water to remove excess PDL. The plates 
were then coated with 5 µg/ml laminin and incubated at 37°C overnight. The 
coated plates were stored at –20°C for future use. Before plating the cells, the 
plates were thawed in cell culture incubator and cells plated directly after 
removing the laminin solution. 
bFGF 
Reconstituted in PBS containing 0.1% BSA at 20 µg/ml concentration and 
stored at –20°C. 
EGF 
Reconstituted in water containing 0.1% BSA at 20 µg/ml concentration and 
stored at –20°C. 
Proliferation media 
Neurobasal media with 1X B27 supplement, 1X Glutamax, 1X Pen-Strep, 20 
ng/ml human bFGF), and 20 ng/ml human EGF 
BrdU 
The 10mM stock solution was prepared in 0.9% NaCl and diluted in water to 
10 µM final concentration 
Blocking solution for immunostaining 
10% Donkey serum and 0.2% Triton X-100 in PBS 
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Lysis buffer for protein extraction 
50 mM Tris-HCl  (pH 7.5), 1 mM EDTA (pH 8.0), 150 mM NaCl, 0.25% Na 
Deoxycholate, 0.1% SDS, 1% NP-40 and 1X protease inhibitor in dH20. Stored at 
4°C 
5X protein loading buffer 
250 mM Tris-HCl (pH 6.8), 10% SDS, 50% Glycerol and 5-10 mg 
Bromophenol blue in water. Stored at 4°C 
10X running buffer 
250 mM Tris base, 2 M Glycine and 1% SDS in dH20 
1X transfer buffer 
25 mM Tris base, 200 mM Glycine and 20% Methanol in dH20. Stored at 4°C 
Blocking solution  
5% fat-free dry milk powder in PBS. Stored at 4°C 
Wash Buffer 
0.1% Tween-20 in TBS  
6% Resolving gel 
For 10 ml,  
 
 
 
 
 
 3% Stacking gel 
For 5 ml,  
 
 
 
 
 
 
H2O 5.4 ml 
1.5M Tris-HCl, pH 8.8 2.5ml 
30% Acrylamide solution 1.9 ml  
10% SDS 100 µl 
10% APS 50 µl  
TEMED 8 µl 
H2O 2.8 ml 
0.5M Tris-HCl, pH 8.8 1.25ml 
30% Acrylamide solution 850 µl 
10% SDS 50 µl 
10% APS 50 µl  
TEMED 5 µl 
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3.2.3. Primers 
 
Forward: AGGTTTGAAGACGCAGAGGA  
Nestin 
Reverse: TTCGAGAGATTCGAGGGAGA  
Forward: CACGAACGAGTCCCTAGAGC  
GFAP 
Reverse: TCACATCACCACGTCCTTGT 
Forward: CTCTGCACATGAAGGAGCAC  
SOX2 
Reverse:  ATGTAGGTCTGCGAGCTGGT  
Forward: ACAGAGTTCTTCGCAACCTGGCTA  
PAX6 
Reverse:  ACTGGTACTGAAGCTGCTGCTGAT  
Forward: AGATGGCTCGTCACCTTCGTGAAT  
Vimentin 
Reverse: TCCTTCTTGCTGGTACTGCACTGT  
Forward: ATTGCGTTGCCTTAGCACTT 
NeuroD1 
Reverse: TGCATTTCGGTTTTCATCCT 
   Forward: GAGCTGGACTGTTATCCAACTG  
LRP6 
   Reverse: CTTCATACGAGGACACAGCATC  
Forward: TGACCCAGATCATGTTTGAGA  
 
"Actin 
Reverse: GGAGAGCATAGCCCTCGTAG  
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3.3. Cell culture 
 
3.3.1. Isolation of adult hippocampal precursor cells (AHPCs) 
 
The dissections of hippocampus were performed under a stereomicroscope in 
sterile conditions. After removing the skin and skull, the brains were removed 
and collected in ice-cold Hank’s balanced salt solution (HBSS) containing 
Glucose (30mM), NaHCo3 (26mM) and Hepes pH 7.0 (2mM). The cerebellum, 
spinal cord and olfactory bulb were removed and the brain was split along the 
inter-hemispheral cleft. The hemisphere was inverted and the hippocampus 
was removed from the thalamus and surrounding tissue. Much care was taken 
to remove any contaminating ventricular tissues and blood vessels from the 
hippocampus to avoid the blood cells from competing for the nutrients in the 
culture. 
 
The extracted hippocampi were pooled, minced with a surgical knife and 
digested with an enzymatic mixture containing Papain 2.5U/ml, Dispase 1U/ml 
and Deoxyribonuclease 250U/ml for 30 to 40 min at 37°C. The digested tissue 
was triturated and washed free of the digestion mix with HBSS by 
centrifugation at 800rpm for 5 min. The washing procedure was repeated three 
times. The resulting cells were enriched by adding 22 % Percoll and 
centrifugation at 1500rpm for 15 min. The 100% Percoll solution was prepared 
by adding 1ml of commercial Percoll to 9 ml of 10x PBS, then diluting with 1x 
PBS to a final concentration of 22%. This density gradient centrifugation 
separates out the precursor cells and erythrocytes as pellet while other cells and 
debris are supernatant. The pellet was retained and washed free of Percoll with 
HBSS by centrifugation at 800rpm for 5 min. The washing procedure was 
repeated twice and the pelleted cells were re-suspended in culture medium and 
plated in PDL and Laminin coated plates. (Babu et al., 2007, 2011) 
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3.3.2. Culture and maintenance of AHPCs 
 
The cells were cultured in proliferation media (Neurobasal media containing 
1X B27 supplement, 1X Glutamax, 1X Pen-Strep, 20 ng/ml human bFGF, and 
20 ng/ml EGF in coated plates. Every two days, half of the media was replaced 
with fresh media containing the full amount of growth factors. i.e. 20 ng/ml 
bFGF and EGF. The cells were maintained in the plate until they had reached 
80% confluency and were then passaged. Culturing to 100% confluency leads 
to spontaneous differentiation and induction of death. The cells were passaged 
using Accutase and stained with Trypan Blue and counted using a 
Haemocytometer to determine the total number of live cells before replating. A 
constant seeding density of 10,000 cells/cm
2
 were followed throughout the 
culture period. 
 
The excess cells were frozen down for future use. The cells were mixed in 
freezing mix containing the proliferation media and 10% DMSO and frozen in 
cryovials with 1 - 1.5 x10
6 
cells / vial. Freezing was done slowly, initially the 
vials were kept at 4°C for 2 hours, then at –80°C and transferred to liquid 
nitrogen for long-term storage. The frozen vials were retrieved, thawed quickly 
at 37°C and pre-warmed media added. After centrifugation to remove the 
freezing solution, the cells were mixed with pre-warmed culture media and 
plated.  
 
3.3.3. Proliferation assay 
 
To measure the proliferation rate, the AHPCs were pulsed with the permanent 
S-phase marker BrdU, stained and counted using a fluorescence microscope. 
Cells were plated on coated glass cover slips in 24 multiwell plates at 20,000 
cells/well and cultured for 2 days in proliferation media. At the end of second 
day, a BrdU (10#M) pulse was given for 2 hours. The cells were then fixed in 
ice cold 4% PFA for 15 min at room temperature and stained. The PFA fixed 
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cells were washed with PBS once and then twice with 0.9% NaCl. Then the 
cells were treated with pre-warmed 1N HCl at 37°C for 30 min, followed by 
one wash with 0.1M Borate buffer and two washes in PBS. The cells were then 
blocked in 10% Donkey serum and 0.2% Triton X-100 for 1 hour. After 
blocking, the anti BrdU primary antibody (1:500) prepared in 3% Donkey 
serum and 0.2% Triton X-100 was added and incubated overnight at 4°C. 
Secondary antibody was added after washing 3 times in PBS and incubated for 
2 hours at room temperature. The cells were washed again, labeled with 
Hoechst 33342 and mounted in glass slides for microscopic examination. 
 
3.3.4. Induction of differentiation 
 
Differentiation of the AHPCs was induced by sequential growth factor 
withdrawal. Cells at the densities of 20,000 cells/well were plated onto cover 
slips and cultured in proliferation media for 2 days. At the end of 
second
 day, the 
media was completely removed and replaced with media containing 5ng/ml 
bFGF for 2 days. From the third day of differentiation, the medium contained 
no growth factors. After a total of five days the cells were fixed and stained for 
neuronal and astrocytic markers. 
 
                       
 
3.4. Plasmid transformation and transfection 
 
The plasmid pCAGGS-mLRP6-HA, containing the full-length mouse LRP6 
cDNA and pMesd was kindly provided by Daniel Wehner (Dr. Gilbert 
Weidinger lab, Biotec, Dresden, Germany). The mouse LRP6 shRNA plasmids 
and scrambled shRNA plasmid were purchased from Origene. The plasmids 
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were transformed into competent cells using the heat shock protocol. The 
plasmids (10ng) were mixed with competent cells and kept on ice for 30 min 
followed by heat shock at 42°c for 30 sec. Following a further incubation on 
ice, the cells were mixed with LB medium containing ampicillin and incubated 
at 37°c for 1 hour. After this, the cells were streaked onto LB- ampicillin plates 
and incubated overnight at 37°c. Single colonies were picked, grown in LB 
containing ampicillin and plasmid DNA isolated using the midiprep kit 
(Qiagen). The identities of the plasmid were confirmed by sequencing the 
plasmid DNA. For higher plasmid DNA yield, midi preparation was done and 
the isolated DNA was used for subsequent transfection reactions. 
 
The plasmid DNA was transfected using the Amaxa nucleofector with the 
primary neuron nucleofection kit and program A33. Briefly, 7.5x10
6
 cells were 
mixed with 100 #l of nucleofection reagent and required plasmid DNA was 
added, mixed and transferred into nuclefector cuvette, placed into the 
nucleofector and the programme A33 was run to transfect the plasmid DNA 
into the cells. The cells were removed, immediately transferred in a 1.5mL tube 
containing pre-warmed media and incubated at 37°C for 10 min before plating 
for the experiments. 
 
3.5. Immunocytochemistry 
 
For various staining, 20 000 cells were cultured on poly-D-lysine, laminin-
coated glass coverslips in 24 multiwell plates for the required amount of time 
depending on the experiment. The cells were then fixed in ice cold 4% PFA for 
15 min at room temperature, washed three times with PBS and blocked for 1 
hour in blocking solution (10% Donkey serum; 0.2% Triton X-100 in PBS) 
Primary antibodies, prepared in 3% Donkey serum and 0.2% Triton X-100 
were added after removing the blocking solution and were incubated in 4°C 
overnight. After 3 washes in PBS the cells were treated with secondary 
antibody prepared in 3 % Donkey serum and 0.2% Triton X-100, for 2 hours at 
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room temperature. The cells were washed with PBS, labeled with Hoechst and 
mounted onto glass slides for microscopic examination. 
The following primary antibodies and concentrations were used: mouse 
monoclonal anti-Nestin (1:200), rabbit polyclonal anti-GFAP (1:1000), rabbit 
polyclonal anti-SOX2 (1: 400), mouse monoclonal anti-MAP2ab (1:1000), 
mouse monoclonal anti-O4 (1:400), rat monoclonal anti-BrdU (1:500), mouse 
monoclonal anti-LRP6 (1:1000) and rabbit polyclonal anti-pLRP6 (1:1000). 
Secondary antibodies: Daylight 405, 549, Cy3 were used at the concentration 
of 1:250.  
 
The fluorescent staining was analyzed using a Leica fluorescent microscope 
equipped with appropriate filter sets. For every cover lip, a minimum of 10 to 
15 random fields was counted and the average was used for statistical analysis. 
 
3.6. RNA extraction and reverse transcription  
 
For RNA extraction, cells were plated in 6 multi-well plates at the density of 
90,000 cells/well and cultured for 2 days in proliferation media. At the end of 
the second day, the media was completely removed and cells were harvested 
using cell scraper into buffer RLT (Qiagen RNeasy kit) into 1.5ml sterile 
eppendorf tubes. The lysates were homogenized by passing them through a 20-
gauge needle, 5-7 times and then they were either stored at -80°C or RNA 
extracted immediately. Total RNA was extracted as per the manufacturers 
instructions. Briefly, 70% ethanol was added to the lysate and passed through 
RNeasy spin column to bind the RNA. DNase digestion was performed to 
prevent genomic DNA contamination and after washing the column, 2-3 times, 
RNA was eluted in RNase-free water. The extracted RNA was quantified using 
a spectrophotometer (NanoDrop) and 1µg of the RNA was used for reverse 
transcription.  
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RNA (1µg) was mixed with oligo (dT) primer and incubated at 70°C for 10 
min. The mix was cooled in ice for 15 min and the reaction mix containing 
DTT, dNTPs, buffer and reverse transcriptase was added and incubated at 
42°C for 90 min. The reaction was stopped by incubating at 90°C for 5 min. To 
ensure that the further PCR amplification was a result of cDNA and not from 
DNA, a negative reverse transcription reaction (cDNA negative) was set up 
without the addition of reverse transcriptase enzyme. 
 
3.7. PCR  
 
For every PCR reaction, 2 µl of the cDNA was used and was mixed with the 
PCR supermix and 0.5#M primers.  Also, a cDNA negative was used along 
with the normal cDNA for amplification if the primer was not flanking exon-
exon junction. The PCR cycling parameters were, an initial denaturation at 
95°C for 10 min and 40 cycles of denaturation at 95°C for 45s, annealing from 
57°C - 60°C for 45s and extension at 72°C for 1 min followed by final 
extension at 72°C for 10 min. 
 
For real time PCR, 1-2 µl cDNA was mixed with master mix containing SYBR 
green and primers run on a RT machine (DNA engine Opticon 2). First, a 
temperature gradient program with 6-8 different temperatures was run to 
standardize the annealing temperature for each primer pair used.  The best 
annealing temperature was chosen based on the Tm values and used for 
subsequent RT reaction for the specific primer pair. The reaction cycle 
consisted of an initial denaturation at 95°C for 15 min and 44 cycles of 
denaturation at 94°C for 15s, annealing for 1 min and extension at 72°C for 
30sec. 
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3.8. Protein extraction and western blot 
 
The cells were cultured in 10 cm dishes for 2 days in proliferation medium. At 
the end of the second day the medium, was completely removed and the cells 
washed twice with PBS. Lysis buffer (400-500 µl) was added to the dish and 
the cells were scraped and collected in an eppendorf tube. The lysate was 
sonicated 5 times, one second pulses and then centrifuged at maximum speed 
for 8 min at 4°C.  The concentration of the protein was measured using the 
BioRad Dc Protein assay kit. Different known concentrations of albumin were 
used as protein standards to draw the standard curve and to obtain the 
concentration of protein. 
 
For western blot, 10-40 ug of protein was loaded along with the protein 
molecular weight markers onto a SDS gel and run initially at 60 mV for 45 min 
and then at 100 mV for 2 hours in Mini Protean tetra System (Biorad). The 
proteins were then transferred from the gel onto nitrocellulose membrane. 
After the transfer, the membrane was washed in distilled water for 10 min and 
the transfer was confirmed using Ponceau staining. 
 
The membrane was blocked with 5% milk solution for 1 hour at room 
temperature and primary antibodies prepared in blocking solution were added 
after removing the blocking solution and incubated overnight at 4°C. After the 
incubation, the membrane was washed three times each for 10 min in TBS and 
then incubated with Horseradish peroxidase (HRP) conjugated secondary 
antibody (prepared in TBS) for 1 hour at room temperature. The membrane 
was washed a further three times, 10 min each, detected using the Pierce ECL 
Western Blotting Substrate and visualized on Amersham Hyperfilm ECL.  
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3.9. Microarray 
 
Total RNA from the proliferating cultures of 20 BXD AHPC lines was 
collected in triplicates using Qiagen RNeasy kit and the concentration was 
measured using Nanodrop spectrophotometer as described above. The RNA 
samples were given random numbers and sent for microarray analysis (Max 
Delbrück Centre for Molecular Medicine, MDC, Berlin-Buch). The RNA 
samples were amplified using Illumina® TotalPrep™ RNA Amplification Kit 
and hybridized to Illumina's MouseWG-6 v2.0 Expression BeadChip. 
 
3.10.  Statistical analysis 
 
For each trait, the mean was calculated for every BXD line and ANOVA was 
carried out. The interval mapping and correlation analysis were performed 
using online tools at the GeneNetwork website (http://www.genenetwork.org). 
GeneNetwork is an open resource software containing data related to full 
genome sequence (SNP) and transcriptome data sets. It has a module for 
mapping quantitative trait locus (QTL) called WebQTL (www.webqtl.org) that 
is optimized for on-line analysis of traits in several genetic reference 
populations of mouse, rat and Arabidopsis. WebQTL allows users to enter their 
own data and to use its wide range of analytical tools for QTL and correlation 
analysis.  For identifying QTLs, one can choose simple interval mapping, 
composite interval mapping and pair-scan. The correlation between traits can 
be done by using Correlation Matrix / Principal Components Analysis, QTL 
Heat maps and Network Graphs in the WebQTL module. 
 
 For microarray analysis, the raw data was read in intensities using 
Bioconductor/R and the values were normalized with justRMA software. A 
custom probe mapping from our lab was used to assign the probes to gene id. 
The probe sequences were blasted using mouse genome browser mm9 and the 
off target and multiple target probes were discarded.  This yielded 21155 probe 
!
!"#$%&"'()"*+)!$#,-+()
! #)!
sets with unique gene id and the mean expression values of every probe set 
were calculated and correlated to the BrdU proliferation trait values. The 
candidates showing correlation above the threshold of 0.6 were chosen for 
QTL analysis (QTL reaper). The resultant eQTLs were classified into cis and 
trans QTLs based on genomic location with respect to their parent gene and 
only the genes having cis QTLs were chosen for further validation. 
 
3.11. Modulation of redox state in AHPCs 
 
For the redox experiment, cells were cultured in Neurobasal media with 1X 
B27 minus antioxidant (AO) supplement, 1X Glutamax, 1X Pen-Strep, 
10ng/ml bFGF and EGF. The change from B27 supplement to B27 minus AO 
supplement is to eliminate any effect of antioxidants in the normal B27 
supplement affecting the redox modulation. For hypoxic conditions, cells were 
cultured in 3% oxygen concentration compared to normoxia where cells were 
at ambient oxygen tension of 20%.  Before changing the media to hypoxic 
cultures, media was pre conditioned in hypoxic incubator. For induction of 
differentiation, cells were culture for 2 days in media containing 10ng/ml 
bFGF and EGF and for 5 days in media with 5ng/ml bFGF. 
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4. RESULTS 
 
4.1. Systems genetic approach to identify genes regulating AHPCs 
proliferation  
 
For my work, I am interested in studying the genetic regulation of adult 
hippocampal neurogenesis using an in vitro model. The aim is to understand 
the genetic complexity underlying adult hippocampal neurogenesis, find the 
gene network regulating the neurogenic traits (precursor cell proliferation and 
differentiation) and link these networks. I used adult hippocampal precursor 
cells (AHPCs) from BXD mice for measuring the neurogenic traits and applied 
a systems genetic approach to find QTLs and genes modulating proliferation 
and differentiation of adult hippocampal precursor cells (AHPCs). As first step, 
I established AHPCs from 20 BXD recombinant inbred strains of mice and 
analyzed natural variation in proliferation, neuronal and astrocyte 
differentiation among these different lines. After showing that there is large 
variation for these traits among the lines, I did QTL mapping to find the 
chromosomal region modulating the distribution of these traits and further used 
an eQTL approach to narrow down the search to the candidate level. 
 
4.1.1. Establishment of AHPCs from BXD mice 
 
The BXD mouse strains are a genetically well-characterized recombinant 
inbred panel available for systems genetic studies. The availability of a variety 
of phenotypic data from BXD mouse strains related to neurogenesis makes 
them a good choice as a source population for my studies. In vivo experiments 
are the preferred model for systems genetic studies but the in vitro model has 
the benefit of a well-controlled environmental condition and easy manipulation 
that is very important for follows up studies. The biggest and most time-
consuming step in my study was to establish and maintain cell lines from a 
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large number of BXD strains. It is a very demanding process in terms of both 
technique and time. In the brain, the hippocampus is not a readily accessible 
structure demanding high dissection skill to cut them apart from the 
surrounding tissues. Also, after extraction it takes more than a month for the 
cells to become a stabilized population and to be used for experiments. 
 
Table 1. Number of animals used for AHPCs preparation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For my work, I established a total of 20 BXD AHPC lines, which includes the 
two parentals (C57BL/6J and DBA/2J), 8 of the Taylor BXD strains (1, 2, 11, 
24, 31, 32, 33 and 40) and 10 of the new set of BXDs (43, 51, 61, 62, 65, 69, 
73, 86, 87 and 96). For each strain, a minimum of 6 animals and maximum of 
10 animals were used for every preparation (Table 1). The animals were killed 
by cervical dislocation, the hippocampi dissected out and the precursor cells 
were extracted following the Percoll density enrichment procedure (Babu et al, 
2007, 2011) 
BXD AHPC line 
Number of 
animals used 
BXD1 10 
BXD2 10 
BXD11 8 
BXD24 6 
BXD31 10 
BXD32 9 
BXD33 7 
BXD40 9 
BXD43 10 
BXD51 10 
BXD61 10 
BXD62 10 
BXD65 10 
BXD69 10 
BXD73 10 
BXD86 9 
BXD87 9 
BXD96 10 
DBA/2J 10 
C57BL/6J 10 
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The viability of the cells immediately after preparation gives a rough idea 
about the handling and speed of preparation; for each preparation I managed to 
get an average of 85% viable cells. When plated after isolation, the culture 
looks more heterogeneous with red blood cells and some mature progenies 
along with the precursor cells. But on washing and continuous passages, the 
culture becomes more homogeneous. Normally, it took 4-5 passages to reach 
homogeneity and only after this time were cells used for experiments. 
Depending on the cell line, it took 4-5 days for the cells to reach 80% 
confluency. After this time, the cells were passaged and expanded. It is 
difficult to handle all the lines manually at the same time, so the lines were 
used in batches of 5 for the experiments. The cell lines were expanded as much 
as possible and stored in cryovials with 1–1.5 million cells/vial in liquid 
nitrogen. After storage, the vials from individual lines were thawed and 
checked for their viability; I could confirm that all cell lines retained their 
viability after freeze-thawing. A minimum number of 50 vials were stored for 
each line, but for some lines (C57BL/6J) as many as 150 vials could be 
cryoconserved. 
 
Table 2. List of BXD AHPC lines stored 
 
Nr. BXD AHPC 
line 
Lowest 
passage stored 
Highest 
passage stored 
Total vials 
stored 
1 BXD1 P
6
 P
11
 100 
2 BXD2 P
3
 P
10
 86 
3 BXD11 P
4
 P
10
 83 
4 BXD24 P
5
 P
10
 52 
5 BXD31 P
2
 P
8
 50 
6 BXD32 P
3
 P
6
 50 
7 BXD33 P
5
 P
11
 110 
8 BXD40 P
5
 P
11
 77 
9 BXD43 P
4
 P
9
 126 
10 BXD51 P
3
 P
8
 95 
11 BXD61 P
6
 P
10
 54 
12 BXD62 P
6
 P
15
 47 
13 BXD65 P
3
 P
9
 64 
14 BXD69 P
4
 P
9
 62 
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15 BXD73 P
6
 P
12
 91 
16 BXD86 P
4
 P
10
 85 
17 BXD87 P
4
 P
11
 95 
18 BXD96 P
3
 P
9
 56 
19 DBA/2J P
4
 P
10
 111 
20 C57BL/6J P
3
 P
11
 150 
 
 
4.1.2. Morphological variations and stem cell properties of BXD AHPCs 
 
The precursor cells are easily distinguished by their spindle shaped 
morphologies from the flat appearance of the mature cells in the culture. Once 
the AHPCs reach their homogeneity, we checked for existence of any 
morphological differences among these lines. After 4–5 passages, all the 
AHPC lines have identical morphology with spindle shaped cells and show 
phase brightness when observed under light microscope. There were two 
exceptions, BXD 62 and 96, which have elongated processes compared to the 
other lines and can be easily distinguished in the culture (Figure. 4). 
 
 
 
 
 
 
BXD 33 BXD 96 BXD 62 
Figure 4. Morphological variation in cultured AHPCs.  
Morphology of BXD 33 is similar to all other BXD AHPCs except for BXD 62 and 96, which 
have different shape with more elongated processes. 
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To make sure that all the lines are true precursor cells, the AHPCs were stained 
for the commonly used neural stem cell markers Nestin and Sox2. We found in 
every cell line almost 100% the cells express Sox2 and 97% of the cells were 
positive for Nestin indicating the cells have properties of neural stem cells. 
This experiment was repeated 3–5 times in subsequent passages, revealing the 
fact that the precursors do not lose their stem cell properties on continuous 
culture (Figure 5). On staining, a very few of the cells also express GFAP, 
another adult hippocampal precursor cell marker in vivo (Filippov et al., 2003).  
 
 
 
Figure 5. Proliferating cells express stem cell markers 
 A, B) Almost all cells in proliferation express Nestin and Sox2 C) Nestin and Sox2 
expression in precursor cells D) PCR analysis of RNA shows expression of radial glia 
markers (1) Nestin (2) Sox2 (3) Vimentin (4) BLBP and (5) Pax6. 
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To see if the cells express any characters of radial glia, RNA from the parental 
lines C57BL/6J and DBA/2J AHPCs were checked by PCR with a set of radial 
glia markers Nestin, Sox2, Vimentin, BLBP and Pax6. The cells express all 
these markers at the mRNA level indicating they are radial glia like cells.  
 
One of the other important characteristics of the neural stem cells is their 
ability to differentiate into all the three major cell types of the central nervous 
system viz., neurons, astrocytes and oligodendrocytes. To check if the BXD 
AHPCs also have this property, the proliferating AHPCs were induced to 
differentiate following the sequential growth factor withdrawal protocol.  
 
The cells were cultured in proliferation medium for two days and then shifted 
to medium without any EGF but with 5 ng/ml FGF for two days and finally for 
three more days in medium without both FGF and EGF. From the second day 
of differentiation induction, the cells started to change their morphology from 
spindle shaped to a bipolar morphology and started losing their phase 
brightness. After five days of differentiation, neurons and astrocytes were 
positive for Map2ab and GFAP staining respectively and Nestin expression 
went down completely. But it takes longer for the oligodendrocytes to develop; 
the O4 positive oligodendrocytes were seen after ten days of differentiation 
(Figure 6). So I conclude that the BXD AHPCs behave like neural stem cells, 
with the ability to proliferate and differentiate. 
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4.1.3. BXD AHPC lines show differences in their proliferation rate  
 
Our previous in vivo study had suggested large proliferation differences across 
the BXD strains as measured by Ki67 immunostaining (Kempermann et al., 
2006).  I wanted to check if these lines still have the difference or if the 
differences are lost in in vitro conditions. For this, the proliferating cells were 
labeled with the permanent S-phase marker bromodeoxyuridine (BrdU). The 
cells were cultured for two days under proliferation conditions and a BrdU (10 
µM) pulse for 2 hours was given to these cells in exponential phase. 
Immunostaining and counting the fraction of nuclei stained with BrdU over 
Hoechst reveals a huge variation in BrdU incorporation among the lines.   
 
All the experiments were repeated a minimum of three times and we observed 
over 2-fold differences across the lines for the proliferation rate with the values 
ranging from 24.6% (BXD69) to 52.8% (BXD2). The mean proliferation rate 
is 36.7 % (SEM = +/- 3.07) and the parental lines have the values in the middle 
range, C57BL/6J = 39.4% and DBA/2J = 38%.  As shown in the box plot 
(Figure 7), the mean and median for the proliferation trait are the same 
Figure 6.  Tri lineage potential of BXD AHPCs  
On induction of differentiaion, AHPCs form A) neurons (Map2ab), astrocytes (GFAP) and B) 
oligodendrocytes (O4)!
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indicating a symmetrical distribution of values. Also, normality analysis 
proved that the values are normally distributed with P = 0.767 (D'Agostino & 
Pearson omnibus normality test). This is of significant importance since the 
measured variation is similar to other natural variations which are normally 
distributed and allows for easy statistical work. Our results showed that genetic 
background leads to differences in the proliferation abilities of adult 
hippocampal precursor cells and these differences follow a normal distribution. 
 
To eliminate the possibility that the differences observed were merely due to 
the handling procedure, we checked the consistency in preparation and 
maintanance  by doing a triplicate preparation of one of the parentals 
(C57BL/6). We found the proliferation values for all these three preparation 
are close to each other and no significant differences exist among them (P = 
0.27, 1-way ANOVA) 
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Figure 7.  Differences in proliferative potential of BXD AHPCs 
A, B) BrdU labeled cells of the least (BXD 69) and most proliferative lines (BXD2) Bar plot 
showing proliferation rate of BXD AHPCs as arranged by name (C) and by rank (D), E) box 
plot showing the median, 25
th
 and 75
th
 percentiles, note the mean (marked with +) and the 
median are the same F) BrdU incorporation of three C57BL/6 preparations.!
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4.1.4. Variation in neuron and astrocyte development among BXD AHPCs  
 
As we showed before that BXD AHPCs could differentiate into neurons, 
astrocytes and oligodendrocytes, I next wanted to check if any differences exist 
in their differentiation abilities to form these differentiated progenies.  
 
 
Oligodendrocytes make up only a very small percentage of the differentiated 
progeny ($ 1%; Babu et al., 2011) in culture, so I am confined only to 
analyzing neuron and astrocyte phenotypes. After two days in proliferation and 
in differentiation condition for five days, AHPCs differentiate into a mean of 
16.4% (SEM = +/- 2.65) neurons and 69% astrocytes (SEM = +/- 3.9). 
Figure 8.  Neurons and astrocytes in BXD AHPCs 
Differences seen for the formation of neurons and astrocytes among the BXD lines. A) The 
least number of neurons and highest number of astrocytes are produced by BXD 51 B), C) 
BXD 40, 33 that produced the lower and upper middle range of neurons and D) the highest 
number of neurons are produced by BXD 86. !
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Similar to that observed for the proliferation traits, a large variation exists 
across the lines in their differentiation abilities (Figure 9). The values for 
neuron differentiation ranges from 8.9% to 36.4%, a four fold difference 
among the extremes, even higher than observed for the proliferation traits. The 
line BXD51 has the least value and BXD86 makes the highest number of 
neurons. In the case of astrocytes, it is BXD51 that produces the maximum 
number of astrocytes (85.7%) and BXD96 the least (42.6%). In both cases, the 
parentals have values close to the mean values, C57BL/6J (18.2%, 62.3%), 
DBA/2J (17.8%, 68.4%) for neurons and astrocytes respectively. 
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Figure 9.  Variation in neuronal and astrocytic differentiation 
A) Neuronal and B) astrocyte differentiation found across the BXD lines arranged by the 
name (A1, B1) and rank (A2, B2). Box plot showing the median, 25
th
 and 75
th
 percentiles, 
the mean is marked with +, the outlier with the black dot (Tukey t test) for neurons (A3) and 
astrocytes (B3). !
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4.1.5. Heritability and Covariance of the proliferative and differentiative 
traits 
 
The differences observed for the proliferative and differentiative abilities 
among the BXD AHPCs are modulated by genetic and environmental factors. 
We want to check the relative contribution of genetic and non-genetic factors 
underlying this variation and heritability calculation will give the contribution 
of genetic factors to the total phenotypic variance. The greater heritability, the 
greater is the chance to identify genetic causes for that trait.  
The broad sense heritability was calculated using the following formula, 
where V means is the variance of the strain means and V total is  total variance 
across all the values. 
 
The proliferation trait shows a very high heritablility value of 83.5% and the 
heritability values for neuron and astrocyte differentiation are close to each 
other  (53% and 54.4% respectively) but are below the value for proliferation 
trait. The high values obtained for all these traits reflect the well controlled, 
uniform culture conditions and the highest value for proliferation traits may be 
due to their lesser time (two days) in culture compared to differentiation (seven 
days). 
 
To check if any relationship exists among these three traits or if the traits co-
vary with each other, I performed a Pearson correlation. The results show a 
positive correlation between proliferation and astrocyte differentiation trait 
with an r-value of 0.424. The correlation between proliferation and neuron 
differentiation trait was lower with an r of 0.139 while the neuron and astrocyte 
differentiation traits show a negative correlation with r = - 0.191. 
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I further wanted to check how much of the in vitro proliferation data matches 
with the in vivo data (Kempermann et al., 2006). On doing a Pearson 
correlation, I found no correlation  (r = -0.086, P = 0.8) between the data 
(Figure 11). We should note here that in vitro and in vivo share only eight of 
the BXD strains and from the graph it looks as though one of the strains 
(BXD2) lies in the outer range and may be skewing the results. On removing 
BXD2 and replotting the correlation, the r - value increased to 0.614 indicating 
a positive correlation between the in vitro and in vivo data. 
 
Figure 10.  Covariance of the proliferative and differentiative traits 
Pearson correlation between the proliferation and astrocyte differentiation traits shows a 
positive relation of r = 0.42!
Astrocytes 
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4.1.6. QTL mapping 
 
The next step was to use strain differences for the proliferation, neuronal and 
astrocytic differentiation traits to map the QTLs associated with these traits. 
For identifying QTLs, I used web based analysis software, WebQTL 
(www.webqtl.org), which uses different mapping algorithms like single marker 
regression, linear interpolation and interval mapping to create an association 
map. For my QTL analysis, I choose interval mapping with permutation testing 
(n=2000), which gives potential QTLs at regularly spaced intervals rather than 
at the position of available markers as given by marker regression analysis. The 
significant and suggestive loci were calculated based on the LRS value and 
correspond to p-values of 0.05 and 0.63 respectively. 
 
For the proliferation trait, interval mapping yields many peaks but none of the 
peaks is above the significant or suggestive threshold level (Figure 12). The 
data from neuronal differentiation traits also identify many linkage loci and 
In
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it
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r = -0.086 P= 8.48E-01   r = 0.614 P= 1.52E-01 
In vivo In vivo 
Figure 11.  In vitro and in vivo correlation 
A) With nine common BXD strains, in vitro proliferation data don’t show any correlation to 
the in vivo data. B) Positive correlation seen between in vitro and in vivo after eliminating the 
strains BXD2 
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only one peak in chromosome 6 is just touching the suggestive threshold level 
(Figure 12,13). This peak is around 40 Mb and analyzing for the genes in this 
area demarcated by the flanking markers, we found 130 genes present in this 
loci.  Out of this list, 93 genes don’t have any SNPs and 37 genes (Appendix 
6.1) have a SNP count ranging from 1–242. Among the many genes in this 
QTL with SNPs, homeodomain interacting protein kinase 2 (Hipk2), Eph 
receptor B6 (Ephb6), prolactin induced protein (Pip) and Braf transforming 
gene (Braf) are well-known genes related to neurogenesis. Similar to the 
proliferation QTLs, astrocyte differentiation data shows many linkage loci but 
no single peak above the significant and suggestive threshold level (Figure 12). 
 
Since the QTL mapping doesn’t yield any significant loci for the proliferation 
and astrocyte differentiation traits, we want to narrow down our approach by 
doing eQTL mapping. 
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A 
B 
C 
Figure 12. Interval mapping for A) proliferation B) neuron and C) astrocyte 
differentiation traits.  The chromosomes in megabases are plotted on the X-axis and the 
likelihood ratio statistic (LRS) on the Y-axis. The gray line indicates the suggestive threshold 
and the red lines on top indicate the significant threshold levels. Across the genome, the blue 
peaks represent the LRS scores; the green and red lines indicate the additive effect with the 
C57BL/6J allele and DBA/2J alleles respectively increasing the values. The scale on the right 
indicates the strength of the additive effects.  
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4.1.7. Gene expression profiling 
 
After QTL mapping, we want to narrow down the list by doing an eQTL 
analysis. Variation in gene expression levels as measured by abundance of 
mRNA was used to plot the eQTLs. RNA from proliferating cultures of 20 
BXD strains in triplicates were run on Illumina MouseWG-6 v2.0 expression 
arrays and analyzed. As a first step, each of the probe values was correlated to 
each other and to the proliferation trait values. A threshold of an absolute 
correlation of 0.6 was set and the genes correlating to the proliferation trait in 
this range were selected for analysis.  There are 1093 genes in this range, out of 
which 505 genes have a negative correlation with values ranging from -0.60 to 
-0.86, and 588 genes are positively correlated with the maximum positive 
correlation value of 0.90. To be more stringent and to get a manageable 
number of candidates to follow up, we increased the threshold to 0.7 and found 
282 genes showing correlation to the proliferation trait. In this list, 122 (43%) 
of the genes showed negative correlation (Appendix 6.2) and the rest, 160 
genes, were positively correlated to the proliferation trait (Appendix 6.3) 
 
Figure 13. Expanded interval map for the neuron differentiation trait 
 On Chromosome 6 a peak touches the suggestive threshold around 40 Mb.  
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GO enrichment analysis using DAVID (http://david.abcc.ncifcrf.gov/) showed 
these genes were enriched for processes related to nucleus, RNA processing, 
DNA repair and cytoskeleton. This set also contained a small number of genes 
related to cell cycle (69) and cell division (32)  
 
As the next step, we did expression QTL analysis with the microarray data. All 
the probe sets (21155) were correlated to the available markers and the 
possible QTLs were obtained.  A total of 1459 eQTLs were identified and all 
of them were assigned as either cis or trans eQTL based on the genomic 
location of the parent gene. Almost one fourth of the total eQTLs are cis QTLs 
(368). Cis eQTLs are of particular importance because the polymorphism in 
them is directly responsible for the QTL peaks and often has monogenic 
influence on the trait. So it is easy to assess the direct effect of cis QTLs on the 
trait. But in the case of trans QTLs, they have an indirect effect on the trait. 
With the location of the QTL and the site of influence not being the same, it is 
difficult to interpret their effect on the trait. The criteria used to allocate a QTL 
as a cis QTL, is when the QTL peak and the corresponding physical location of 
the gene are within the range of the QTL flanking markers. 
 
Among the genes correlating with proliferation at a threshold of 0.6, there were 
a total of 21 eQTLs, with the gene Spnb2 showing the highest negative 
correlation (-0.7) and Dusp16 having highest positive correlation (0.83) (Table 
3).  
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Table 3. List of eQTls in 0.6 threshold range 
 
Nr. Gene Id Gene name Gene 
symbol 
QTL Corre  
-lation 
1 20742 spectrin beta 2 Spnb2 Trans -0.7 
2 67946 spermatogenesis associated 6 Spata6 Trans -0.67 
3 21767 testis expressed gene 264 Tex264 Trans -0.67 
4 217480 diacylglycerol kinase, beta Dgkb Trans -0.66 
5 80517 HERPUD family member 2 Herpud2 Trans -0.65 
6 16974 low density lipoprotein 
receptor-related protein 6 
Lrp6 Cis -0.62 
7 67774 loss of heterozygosity, 12, 
chromosomal region 1 
homolog (human) 
Loh12cr
1 
Trans -0.6 
8 27403 ATP-binding cassette, sub-
family A (ABC1), member 7 
Abca7 Trans -0.6 
9 67219 mediator of RNA polymerase 
II transcription, subunit 18 
homolog (yeast) 
Med18 Trans 0.6 
10 329506 CTD (carboxy-terminal 
domain, RNA polymerase II, 
polypeptide A) small 
phosphatase like 2 
Ctdspl2 Trans 0.61 
11 117005 olfactory receptor 74 Olfr74 Trans 0.62 
12 100043
865 
predicted gene 12755 Gm1275
5 
Trans 0.62 
13 60315 melanocyte proliferating gene 
1 
Myg1 Trans 0.63 
14 214944 MOB kinase activator 3B Mobkl2b Trans 0.64 
15 232440 H2A histone family, member 
J 
H2afj Trans 0.65 
16 208518 centrosomal protein 78 Cep78 Trans 0.68 
17 68185 coiled-coil-helix-coiled-coil-
helix domain containing 8 
Chchd8 Cis 0.69 
18 53972 neuronal guanine nucleotide 
exchange factor 
Ngef Trans 0.74 
19 110593 PR domain containing 2, with 
ZNF domain 
Prdm2 Trans 0.74 
20 71920  epithelial mitogen  Epgn Trans 0.74 
21 70686 dual specificity phosphatase 
16  
Dusp16 Trans 0.83 
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We focused on the cis candidates for the follow up studies and there were two 
genes with cis eQTLs among this list of 21 candidates. The genes, Low density 
lipoprotein receptor-related protein 6 (LRP6) and Coiled coil helix coiled coil 
helix domain containing 8 (Chchd8) are cis acting and show negative and 
positive correlation to the proliferation trait respectively. The gene Chchd8 is 
on chromosome 7 and encodes an 87 amino acid long polypeptide, whose 
function is not known. The gene LRP6 is located on chromosome 6 and 
contains 715 SNPs. It encodes for a 1613 amino acid long polypeptide and has 
a well known function in canonical Wnt/"-catenin signaling by acting as a co-
receptor with frizzled.   
 
 
Table 4. Cis acting genes regulating the proliferation trait 
 
Gene 
Correlation 
to 
proliferation 
Chromosome Position 
LRS 
score 
QTL 
position 
Chchd8 
 
0.688 
 
7 
107685613 
-107688325 
20 
107011787 
- 
111297535 
LRP6 -0.6153 6 
134400226 
-134516799 
17 
133804967 
- 
136698274 
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From the microarray results, we found that the expression pattern matched with 
the negative role of LRP6 in proliferation, with the highest proliferating line, 
BXD2, having the lowest expression values and the least proliferating line 
having the maximum values. The same trend follows for the Chchd8 gene 
expression but in direct correlation – the highest expression values are among 
the highest proliferators and vice versa.  
A 
B 
Figure 14. Interval mapping for LRP6 and ChChd8 gene. 
Interval mapping using LRP6 (A) and ChChd8 (B) expression values. The pink arrowhead 
shows the location of the gene and the corresponding cis QTL peak is indicated by the black 
arrow 
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4.1.8. LRP6 is a novel regulator of AHPCs proliferation 
 
As the next step, I want to experimentally validate the cis candidate genes, 
which we obtained from the eQTL analysis. Between the two cis acting 
candidates, LRP6 is well known as a Wnt co-receptor and Wnt signaling plays 
a major role in regulating adult hippocampal neurogenesis (Lie et al., 2005). So 
I wanted first to check the effect of LRP6 on the proliferation and 
differentiation of AHPCs. To start with, the expression levels of LRP6 (from 
Figure 15. LRP6 and ChChd8 gene expression patterns in the BXD AHPCs. 
Expression values for A) LRP6, with the highest proliferating line, BXD2, having the lowest 
expression value. B) ChChd8 with the lower expression values for the lowest proliferating 
lines.  
 
 
!
A 
B 
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the microarray data) in the BXD AHPCs were validated by real-time PCR. 
RNA from the two parentals (C57BL/6J, DBA/2J) and the two extreme lines 
for the proliferation trait (BXD2 and BXD69) were used for the real-time PCR 
analysis. The results were in accordance with the array results, with BXD69, 
the slowest proliferating line, having the highest LRP6 expression value and 
BXD2 the lowest LRP6 expression (Figure 18).  
 
The correlation data suggest LRP6 as the negative regulator of proliferation, so 
as a first step we want to over-express LRP6 and evaluate its effect on AHPCs. 
For this, the C57BL/6J AHPCs were transfected with a plasmid containing the 
full-length mouse LRP6 transcript along with the chaperone plasmid Mesd in a 
4:3 ratio. The molecular chaperone Mesoderm Development (Mesd) is required 
for the proper folding of LRP6, and is necessary for Lrp6 maturation and 
membrane localization (Hsieh et al., 2003).  
 
The transfected cells were cultured for two days under proliferation conditions 
and the proliferation rate was measured by the percentage of BrdU 
incorporation in 2 hours. As shown in Figure 16, LRP6 DNA (8 #g) brings 
down the proliferation rate more than 2-fold compared to the control. This 
result is highly significant with a p-value of 0.0005 (unpaired t-test). As the 
control, the maximum concentration of Mesd corresponding to the LRP6 in 4:3 
ratio (8 #g LRP6: 6 #g Mesd) was used. The over-expression of LRP6 was 
confirmed at both RNA and protein levels by real-time PCR and western blot 
analysis. We found a 58.7-fold increase in Lrp6 RNA compared to control after 
making expression adjustment with the reference gene (" actin). We also found 
a clear increase in Lrp6 and phospho-Lrp6 expression in western blot, 
indicating that the over-expressed Lrp6 forms protein and is also functional. 
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To see the consequences of the loss of function of LRP6, I carried out a gene-
silencing experiment using short hairpin RNA (shRNA). I used four plasmids 
expressing different shRNA constructs directed against mouse LRP6 mRNA. 
A 
555!
!!!!!6!!!!!!!!!!!!78!
LRP6 
pLRP6 
GAPDH 
A1               A2 
Figure 16.  LRP6 negatively regulates AHPCs proliferation. 
 A) Proliferation of AHPCs decreased by two-fold upon LRP6 over-expression. Over-
expression was confirmed by (A1) real-time PCR and (A2) western blot (in upper blot LRP6 
antibody detects both normal and phosphorylated form).   
 C = Control, OE = Over Expression!
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The shRNA plasmid that gives a maximum reduction of LRP6 RNA level as 
checked by RT-PCR was used for the further experiments.  The proliferation 
rate was calculated after 2 days in culture by BrdU labeling. As expected, we 
observed an increase in the proliferation rate of AHPCs. On silencing with 
LRP6 shRNA (6 #g), the proliferation rate was increased by 42% and this 
silencing effect was confirmed by a decrease in LRP6 at the RNA level by 
real-time PCR analysis (Figure 17). 
 
 
 
 
To investigate, if the Lrp6 gene is affected by differentiation of AHPCs, I 
extracted RNA from differentiating cultures of four BXD lines (BXD2, 69 and 
the 2 parental lines) following the 7-day differentiation protocol and performed 
a real-time PCR. Comparing the expression values of Lrp6 in differentiation to 
the proliferation conditions, I found a steady increase in LRP6 expression on 
differentiation of AHPCs. As shown in Figure 18, depending on the BXD line, 
there is an average of a 2.5-fold increase in LRP6 expression on differentiation.  
Figure 17.  LRP6 gene silencing increases AHPCs proliferation. 
A) On silencing of LRP6, the proliferation is increased by 42 %. Silencing of LRP6 
confirmed by real-time PCR (A1) !
A                                                                 B 
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Figure 18.  Levels of LRP6 increased during AHPCs differentiation. 
A) On differentiation, the expression levels of LRP6 gene are increased as seen by real-time 
PCR analysis (for analysis, AHPCs from two parental and the two extremes of proliferation 
were used) 
!
5!
55!
5!
!
%$(.'#()
! %&!
4.2. Redox regulation of Adult Hippocampal Precursor Cells 
 
 
Redox balance is a basic mechanism modulating a wide range of gene 
signaling pathways controlling cell survival, proliferation, cell migration and 
energy metabolism. Hypoxia is one of the positive regulators of adult 
neurogenesis and a recent study suggests an increase in hippocampal 
neurogenesis under hypoxic conditions (Zhu et al., 2010). As a second project, 
I carried out in vitro experiments to check if the intracellular redox state of 
AHPCs affects their proliferation and differentiation abilities. !
 
4.2.1. AHPCs yield increased under hypoxic conditions 
 
Normally cells are cultured in 5% CO2 and in ambient oxygen concentration, 
i.e. 20%, but the physiologic oxygen concentration where the cells reside is far 
less than the atmospheric level and in most tissues it ranges from 3–5 % 
(Campbell JA 1925, Laser H 1937, Caldwell CC et al., 2001). I want to check 
if the physiological oxygen concentration provides a better milieu for the 
AHPCs to divide. For this, AHPCs from C57BL/6J were cultured in 20% 
(normoxic) and 3% (hypoxic) oxygen concentrations and the cell yield was 
compared. 
 
Cells were plated at similar plating densities at 25 x 10
4
 cells in a T25 flask in 
normoxic and hypoxic conditions and cultured for four days. There is a clear 
difference in cell densities seen when observed under light microscope at the 
end of three days between the two cultures. The cells in hypoxic cultures were 
more confluent than the normoxic condition at this time. At the end of the 
fourth day, cells from both the conditions were harvested simultaneously and 
counted with trypan blue exclusion. The results were in accordance with the 
observed confluency differences; hypoxic conditions yield 1.5-fold more cells 
compared to normoxic cultures. 
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4.2.2. More neuronal differentiation under hypoxic conditions 
 
The next important limiting factor using NPCs for in vitro research is to make 
more neurons from them. Several studies reported enhanced neuronal 
differentiation of NSCs in lowered oxygen conditions (Studer et al., 2001, 
Zhang et al., 2006). I want to check if the ability of AHPCs to form neurons is 
increased under hypoxic condition. After five days of differentiation in 
normoxic and hypoxic conditions, the cells were fixed and stained for neurons. 
The mature neuronal marker Map2ab was used and the number of neurons as a 
percentage of total cell number was calculated. We found more neurons are 
produced under hypoxia (22%) than under normoxia (14%). 
Figure 19. Hypoxia increases cell yield 
With similar plating densities, after 4 days there is a 1.5 fold increase in cell numbers in 3 % 
oxygen than in 20% 
5!
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Figure 20. Neuronal differentiation increases under hypoxic conditions 
After 5 days in differentiation, cells in hypoxia produce more neurons than in normoxia. 
!
+&(/.((&-*)
! &*!
5. DISCUSSION 
5.1. Systems genetic approach to identify genes regulating AHPCs 
proliferation  
 
Genetic regulation of adult hippocampal neurogenesis is a complex 
phenomenon. In this study, we used a systems genetics approach to get an 
overview of how adult hippocampal neurogenesis is modulated based on 
genetic background. Adult hippocampal precursor cell (AHPCs) lines from 
BXD recombinant inbred mice were established and used as source material to 
study the genetic influence on adult hippocampal neurogenesis. The cell lines 
were cultured and analyzed for any variation in their proliferative and 
differentiation capabilities. Significant differences in proliferation, neuron and 
astrocyte differentiation traits across the BXD AHPC lines suggested that there 
is a strong contribution of genetic background to this phenomenon. In addition, 
we observed that these differences were mainly due to genetic variation across 
the strains.  
 
Further with this data, we did QTL mapping and found that several loci 
involving many genes control these traits with no major contribution from a 
single locus. Further narrowing down our approach, we did gene expression 
profiling using RNA samples from proliferating cultures of AHPCs and 
uncovered a novel a cis eQTL gene; LRP6, which might be a central candidate 
of the gene, network regulating adult neurogenesis. This is unlikely to be a 
master regulator gene however, as adult neurogenesis is a polygenic trait and 
genome-wide studies reported only little variance caused by alteration in single 
gene loci (Kempermann et al., 2006). While this study covers only one part in 
the several conceptual levels of regulation we are confident that this work will 
lead to finding a central regulatory pathway that regulates adult hippocampal 
precursor cell proliferation. 
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5.1.1.  Establishment of AHPCs  
 
Isolating the precursor cells has become extremely important in order to study 
them in detail away from the influence of their in vivo niche. Once the cells are 
in culture they express their autonomous, intrinsic properties without the niche 
influences such as cell-cell contacts, blood vessels, known and unknown 
growth factors and network activities. The cells in culture are amenable to 
manipulation in follow up experiments and also can be used for clinical 
applications like transplantation studies. 
 
We established a new efficient method in our lab to culture precursor cells 
from mouse hippocampus as monolayers (Babu et al., 2007, 2011). The 
method published is based on the gradient enrichment procedure (Palmer et al., 
1995; Palmer et al., 1997; Seaberg and van der Kooy, 2002; Reynolds and 
Rietze, 2005) and uses Percoll to create a density gradient and enrich for the 
precursor cell population. In this study, I established AHPCs from 20 BXD 
strains that serve as a valuable resource for number of studies related to 
hippocampal neurogenesis. BXDs are recombinant inbred mice strains, and 
with our choice of having a near equal mix of old and new BXD strains (4:5 
ratio), we make use of the increased mapping resolution available for the new 
strains, while at the same time comparing our results to the available 
phenotypes from old strains (www.genenetwork.org). 
 
The AHPC cultures from BXDs are homogenous and stable over extended 
passaging. They don’t lose their stemness on continuous passaging as shown 
by their 100% Nestin and Sox2 expression. In culture, almost all of the cell 
lines look identical, with spindle shaped morphology and phase-brightness. 
The two exceptions are the strains BXD62 and 96. These two lines have 
extended morphology and resemble cells undergoing differentiation. However, 
this difference has neither an impact on the expression of stem cell markers 
Nestin and Sox2, nor in the proliferation performance. All of the AHPC lines 
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could be cultured until passage 15 without loss in stemness and neurogenic 
potential. Further passaging beyond passage 15 was not attempted due to lack 
of time and space. With regards to differentiation, all 20 AHPC lines have the 
potential to differentiate into neurons, astrocytes and oligodendrocytes on 
differentiation induction. The AHPCs have the ability to withstand freezing 
and thawing and serve as an immortalized material for future use and studies.  
These lines, from different genetic backgrounds, were used to study whether 
the genotype caused any observable phenotypic differences i.e. in proliferation 
or neuron and astrocyte differentiation in culture. We are currently establishing 
a cell culture robotics system (from Tecan) for the maintenance of these lines, 
as it is relatively difficult to manually handle all these lines in parallel.  
 
5.1.2. Variation in proliferative and differentiative properties of AHPCs 
 
Under highly controlled and uniform environmental conditions, the BXD 
AHPCs show differences in their proliferation and differentiation traits. 
Proliferation, as measured by the rate of incorporation of permanent S phase 
marker BrdU, revealed a more than 2 fold difference across the strains. The 
strain BXD69 proliferates very slowly (24.6%) compared to the fastest 
proliferator BXD2 (52.8%). The cells from BXD 61 and 96 are also slowly 
proliferating, with BrdU percentages of less than 30%. The BXD lines 51, 43, 
1, 87, 73 and 33 all have proliferation values ranging from 40-50%. The 
parental lines C57BL/6J and DBA/2J fall in the middle, with the female parent 
C57BL/6J proliferating slightly more (39.3%) than DBA/2J (38%). Among 
these 20 lines, BXD2 is the only line with a proliferation rate of more than 
50%. It has a proliferation rate 2.14-fold higher than the line with the lowest 
proliferation and 1.19-fold higher than the second highest proliferating line 
BXD33. Similar variations were also reported from an in vivo study comparing 
29 BXD strains. In that study, a huge variation in proliferation as measured by 
counting the absolute number of cells expressing of Ki67 in SGZ was 
demonstrated (Kempermann et al., 2006). A correlation analysis between the in 
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vitro and in vivo data using Pearson correlation revealed no significant 
association (r = -0.086, P = 0.8). This is not unexpected, as the strains used in 
the in vitro and in vivo studies were not the same with only 8 strains in 
common. In addition, the markers used to identify the proliferating cells were 
different. Ki67 which labels actively dividing cells (G1, S, G2 and M phases) 
was used for the in vivo study, while BrdU, which labels only the cells in S 
phase, was used in vitro study. Therefore, theoretically Ki67 was expected to 
give a different result that exceeded the BrdU index. This analysis was 
performed only to check if any correlation existed between the two studies. 
 
Among the strains common to both studies (BXD 1, 2, 11, 24, 31, 32, 33 and 
40) BXD33 had the highest and BXD11 the lowest proliferation in vivo. On the 
correlation graph, we observed that the in vitro value for BXD2 lies in the 
outer range. Imagining BXD2 as an outlier only for this purpose and re-plotting 
after eliminating BXD2, the r-value is raised to 0.6 (P = 0.1) indicating a 
positive correlation to the in vivo data. Since there were only 7 strains in 
common now after eliminating BXD2, this correlation is not strongly 
significant and further work is needed to increase the intersection between the 
in vivo and in vitro data to better estimate the relationship. In the in vivo study, 
BXD2 represents the opposite extreme, the strain with the least proliferation, 
survival and in production of new neurons (Kempermann and Gage, 2002a). 
One important shortcoming of the present in vitro study is that, due to the large 
numbers of animals required, the AHPC preparation from the BXD strains 
yielded only one culture per strain preventing us from establishing intra-strain 
reliability. But extreme care was taken to extract and culture these lines in a 
consistent manner. To confirm the consistency in preparation and maintenance 
of the cell lines, three preparations from C57BL/6 were generated and no 
significant differences in the proliferation data among these lines was 
observed. Another possible explanation as to why BXD2 had more 
proliferation in vitro may be that the conditions for proliferation are ambient 
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for the precursor cells in this environment, which is otherwise less or absent in 
the in vivo conditions.   
 
As observed for the proliferation traits, BXD lines also vary in their potential 
to produce neurons and astrocytes upon induction of differentiation. Following 
the sequential growth factor withdrawal protocol to induce differentiation, as 
high as 36.4% of cells became neurons in BXD86. This value is 4.1-fold 
greater than the value of BXD51, which produced the lowest percentage of 
neurons upon differentiation. Compared to the proliferation trait, the 
differentiation values among the BXD lines vary significantly. Although there 
are 3 lines, with neuronal differentiation values less than 10% (BXD 51, 61 and 
62), most of the lines (n = 15) fall in the range of producing 10-20% neurons. 
The parentals have similar values; with C57BL/6J producing only a slightly 
higher percentage of neurons (18.2%) than DBA/2J (17.8%).  
 
Astrocytes constitute the biggest population of differentiated progeny in culture 
conditions. Upon differentiation, the BXD lines produced as high as 86% 
(BXD51) astrocytes. The percentage of astrocytes ranged from 42.6% to 85.7% 
with a 2-fold difference across all strains. The line BXD96 produced the fewest 
astrocytes (42.6%), followed by BXD61 (59.9%). There are 12 BXD lines, 
which have their astrocyte production potential ranging from 70-80% and the 
parentals fall below this range. It is interesting to note that the line that 
produced the fewest neurons (BXD51) had the highest formation of astrocytes. 
The neurons and astrocytes have inverse relationship and the trend is the lines 
that produced more neurons produced fewer astrocytes. Accordingly, Pearson 
correlation statistics revealed a weak negative correlation between these traits 
(r =- 0.19, P = 0.4).  
 
From the results, it is clear that the highest proliferating lines are not producing 
more neurons. A Pearson correlation between neuron generation and 
proliferation revealed only a weak positive correlation of r = 0.14, P = 0.5. 
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Interestingly however, we found that proliferation has a positive correlation 
with astrocyte formation, with r = 0.42, P = 0.06. 
 
It is obvious from our data that there are huge differences found across the 
lines for the proliferation and differentiation traits. Considering that all the 
lines are extracted and cultured in similar environmental conditions, we 
propose that these differences are mostly due to the variation in genetic 
architecture of the cells and this can be proven by performing a heritability 
calculation. Heritability, defined as the percent genetic contribution to the 
variation observed, was high for all the three traits with the values for 
proliferation trait the highest (83.5%) followed by neuron (53%) and astrocyte 
trait (54.4%). A greater heritability value for the proliferation trait compared to 
the differentiation trait indicated that, with fewer days in culture (only two days 
under proliferation conditions rather than 7 days for differentiation), a highly 
controlled environmental condition is possible and as the number of days 
increases, the influence from unknown internal and external factors also 
increased increasing the environmental effects. 
 
5.1.3. QTL analysis 
 
Availability of genotypic data from BXD mice makes QTL analysis less 
complicated. We used the GeneNetwork website, to determine the QTLs 
associated with the three traits.  Previous studies on complex trait analysis of 
the nervous system reported that many loci with small effects rather than a 
single locus with a greater effect influenced the trait (Chesler et al., 2005). As 
reported for the in vivo studies on adult hippocampal neurogenesis 
(Kempermann et al. 2006), we also found many gene loci that regulate the 
proliferation, neuron and astrocyte traits. In the QTL map there are two 
threshold levels called significant and suggestive, corresponding to the p-
values of 0.05 and 0.63 respectively. Any peak above these levels shows that 
the corresponding locus strongly influences that trait. From the data on QTL 
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analysis of the proliferation and astrocyte traits, there were no peaks above 
these significant levels. For the neuronal trait there was only one peak just 
touching the suggestive threshold level. Further analysis of this neuronal peak 
revealed genes related to neurogenesis including Dennd2a, whose expression is 
down regulated in Alzheimer's disease (Del Villar et al. 2004), Ephb6 receptor 
that is involved in axonal guidance (Egea and Klein, 2007, Pasquale, 2005), 
Braf a gene that may play a role in the postsynaptic responses of hippocampal 
neurons are present in this region. There are arguments about the effectiveness 
of this approach and to use the genes underlying these QTL peaks as 
candidates to study the regulation of the traits (Kempermann et al., 2006).  The 
strength of the QTL mapping depends on the type and the way the phenotype is 
defined and it varies depending on how the phenotype is measured.  In addition 
to the QTL data, we also used gene expression profiling to narrow down our 
approach. 
 
5.1.4. Candidate genes from gene expression profiling 
 
We performed microarray analysis using RNA samples collected from 
proliferation cultures and combined these expression data with the proliferation 
trait data.  By setting a threshold range of 0.6 and comparing the proliferation 
phenotype with the microarray data, we found a list of 1093 genes, which 
regulate proliferation. As this was a larger number of genes, we next made a 
more stringent threshold level (0.7), and narrowed down the list to 282 genes. 
The genes Tlr3, Fgf1, Arc and Abca2, which have proven role in adult 
hippocampal neurogenesis are contained in this list (http://adult-
neurogenesis.de/tango/).  
 
 We went further and used this microarray data to map the eQTLs. There were 
a total of 1459 eQTLs identified and by setting a threshold level 0.6, we came 
down to a manageable number of 21 eQTLs. We classified these candidates 
into cis and trans based on the genomic location of the parent gene. Cis acting 
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eQTLs are ones where the polymorphism in the gene directly affects the 
transcript level of that gene, while trans acting do not involve the DNA 
variation in that gene of question to the expression level. Cis eQTLs have a 
direct effect on that trait while the trans eQTLs have an indirect effect on the 
trait that is difficult to interpret. Previous studies reported that cis QTLs tend to 
have larger effect and are less frequently masked by transgressive and epistatic 
effects (Chesler et al., 2005, Schadt et al., 2003).  From our analysis, we found 
two compelling cis candidate genes to follow up; LRP6  (low density 
lipoprotein receptor-related protein 6) and Chchd8 (Coiled coil helix coiled 
coil helix domain containing 8) that have negative and positive effects 
respectively on the proliferation.  
 
In mouse, the LRP6 gene is located on chromosome 6 and encodes a member 
of low-density lipoprotein receptor (LDLR) gene family. The LDLR family, 
which constitutes of seven structurally related members, is well known initially 
for its function in cholesterol homeostasis. LRP6 closely resembles the other 
member of this family LRP5, in the number and arrangement of the LDLR 
repeats (Brown et al., 1998). LRP6 is a 180.21 kDa protein and contains 
extracellular and cytoplasmic domains. In mouse, the LRP6 gene transcript is 
expressed in heart, brain, lung, liver, skeletal muscle and kidney (Brown et al., 
1998).  
 
The gene Chchd8 is located on chromosome 7 in mouse and produces an 87 
amino acid long protein whose function is not known. This protein belongs to 
the family containing CHCH ([coiled coil 1]-[helix 1]-[coiled coil 2]-[helix 2]) 
domain and has 1 CHCH domain. When we searched for any known gene 
containing this domain, the gene COX19 (cytochrome c oxidase assembly 
protein 19) in yeast (Saccharomyces cerevisiae) was found also to contain 1 
CHCH domain with known functions. COX19 controls the expression of 
cytochrome oxidase in mitochondria and plays a role in the mitochondria 
respiratory chain. A recent study suggesting the role of mitochondria and 
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cytochrome oxidase in enhancing hippocampal neurogenesis during 
inflammation (Voloboueva et al., 2010) may reveal the link for Chchd8 gene in 
adult neurogenesis. 
 
5.1.5. Lrp6 as negative regulator of AHPCs proliferation 
 
The results from our gene expression profiling suggest that high expression 
level of Lrp6 is associated with slow proliferating AHPCs and vice versa. We 
confirmed this result by over expressing LRP6 in AHPCs. This revealed that 
LRP6 over expression reduced the proliferation of AHPCs by more than 2-
fold. In addition, silencing LRP6 using shRNA resulted in a 42% increase in 
proliferation. Lrp6 is well known for its role as a co-receptor along with 
frizzled (Fzd) in the canonical Wnt signaling pathway (Bhanot et al., 1996; 
Pinson et al., 2000). Wnt is ubiquitously expressed in cells and Wnt signaling 
has a proven role in modulating neurogenesis.  
 
During the development of the hippocampus, Wnt signaling plays a central role 
in controlling the expansion of the early progenitor pool (Machon et al., 2003). 
In addition, the absence of Wnt signaling leads to reduced hippocampal 
precursor cell proliferation (Lee et al., 2000). Ablation of Wnt3a and Wnt1 
leads to complete loss of the hippocampus and midbrain respectively (Lee et 
al., 2000; McMahon et al., 2000).  Reports showed the involvement of Wnt 
signaling also in regulating adult neurogenesis. Overexpression of Wnt3 
increases adult hippocampal neurogenesis in vivo, and in the in vitro condition 
the AHPCs were directed towards the neuronal lineage (Lie et al., 2005). Wnt 
signaling blockade also reduces adult neurogenesis in both in vitro and in vivo 
conditions (Hoppler et al., 1996, Garcia Castro et al., 2002, Lie et al., 2005). 
 
Wnts constitute a large family of transcription regulators with 19 members 
classified into 2 major groups, the canonical Wnts (Wnt1, Wnt2, Wnt3a, 
Wnt7a and Wnt8a) and noncanonical Wnts (Wnt4, Wnt5a, Wnt6 and Wnt11) 
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(Nusse and Varmus, 1992; Cadigan et al., 1997; Veeman et al., 2003; Nelson 
and Nusse, 2004).  The canonical Wnts act through stabilisation of "-catenin, 
which translocates into the nucleus and regulates gene expression by 
interaction with T-cell factor (TCF)/lymphoid enhancer factor (LEF) 
transcription family. In the absence of Wnt, the degradation complex 
(constituting two ser/thr kinases, GSK-3 and CK-1, and two scaffold proteins, 
Axin and APC) degrades "-catenin and stops activation of Wnt dependent 
pathway (Willert and Jones, 2006).  The noncanonical Wnts depend on two 
different pathways, the planar cell polarity (PCP) pathway that acts via 
activation of RhoA and Rac and Wnt-Ca2+ pathway which acts by activation 
of PKC, CAMKII and calcineurin. 
 
Wnt signaling has been implicated in controlling various types of stem cells, 
coordinating a variety of cellular processes like proliferation vs differentiation, 
survival vs death, cell fate and migration (Logan and Nusse, 2004). In ES cells, 
activation of Wnt signaling promotes pluoripotency (Nusse et al., 2008; Wend 
et al., 2010). In hematopoietic stem cells (HSCs), elevated Wnt3a or activated 
"-catenin increases the self-renewal or reconstitution of HSCs, while a 
constitutive activation leads to depletion of HSCs through differentiation 
(Scheller et al., 2006). In vivo, Wnt maintains the quiescence state of HSCs and 
is important for the reconstitution function of HSCs (Fleming et al., 2008).  
 
With respect to neural stem cells, contradictory roles of Wnts have been 
shown. Wnt acts as a mitogen and increases the proliferation of spinal cord 
ventricular zone progenitor cells (Dickinson et al., 1994). However, in the 
neocortex at E11.5, Wnts promote differentiation of neural stem cells at the 
expense of neural stem cell expansion (Hirabayashi et al., 2004). In another 
study, Wnt3a inhibits the maintenance of embryonic neural stem cells and 
promotes the differentiation into neuronal and astrocyte lineages (Muroyamaet 
al., 2004). In embryonic carcinoma P19 cells over expression of Wnt-1 
promotes neuronal differentiation (Tang et al., 2002). 
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We show that over expression of LRP6, a canonical Wnt signaling co–receptor 
decreased the proliferation of adult hippocampal precursor cells. The decrease 
in proliferation may be due to exit of cell cycle for the purpose of maintaining 
cells in the precursor cell stage or inducing the differentiation pathway. The 
later seems to be more likely as we also show that, upon differentiation, 
AHPCs up-regulate the expression levels of LRP6. According to a recent study 
there are two contradictory roles of LRP6 based on the subcellular localization 
of LRP6, a cytoplasmic LRP6 positively modulates the Wnt pathway, while 
nuclear localized LRP6 represses TCF/LEF-1 activity leading to repressed 
transcription (Beagle and Johnson 2010). Future work will aim to determine 
the subcellular localization of LRP6 and confirm whether Wnt signaling is 
upregulated or downregulated. 
 
From these results, we clearly demonstrated the power of systems genetics to 
dissect out a complex trait like adult neurogenesis. Although traditional QTL 
mapping didn’t allow us to find a single significant associated genomic locus, 
using expression data, we could identify several key players in the genetic 
regulatory network. This type of result is possible only with the systems 
genetics approach. Using this approach we detected the variation in gene 
expression pattern for the proliferation trait across BXD RI mice strains and 
identified LRP6 as novel regulator of adult neurogenesis.  As further step, this 
finding opens the door to study the molecular networks via which LRP6 acts to 
regulate proliferation. 
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5.2. Redox regulation of Adult Hippocampal Precursor Cells 
 
5.2.1. Hypoxia increases AHPCs proliferation and neuronal differentiation 
 
Oxygen concentration plays an important role in cellular development and 
tissue homeostasis. In the brain, depending on the tissue, the oxygen 
concentration varies from 0.1 to 5% and in the rat hippocampus it is around 
3.2% (Studer et al., 2000). The physiological oxygen concentration in the 
hippocampus, where the stem cells reside, is around 3%, however in vitro, 
stem cells are normally cultured in an ambient atmospheric oxygen 
concentration i.e. 20% oxygen. With respect to the atmospheric oxygen level, 
the 3% oxygen is referred as hypoxia and 20% as normoxia. In this study adult 
hippocampal precursor cells cultured in hypoxic condition (3%) revealed an 
increased cell yield. Several other studies also reported a positive effect of 
hypoxia on NSC proliferation. At oxygen levels ranging from 3-5%, there is 
increased proliferation of neural crest stem cells and neuronal progenitor cells 
(Morrison et al., 2000, Studer et al., 2000). A study from rat embryonic NSCs 
suggested an increase in sphere diameter, cell number, cell division and 
proliferation under 12 hours of hypoxic treatment (Chen et al., 2010).  
 
In addition to showing that hypoxia increased the proliferation of AHPCs, we 
also showed an effect on neuronal differentiation. After comparing the cells 
undergoing differentiation in normoxia and hypoxia, we found an increase in 
neuronal numbers from the hypoxic cultures. This is in accordance with a 
recent study reporting that human NPCs cultured in 2.5% oxygen produce 
more neurons compared to cells at 20% (Santilli et al., 2010). In rat neural stem 
cells, and in mouse embryonic neural stem cells cultured at 3% oxygen, 
increased dopaminergic neuronal differentiation was reported and this was 
associated with the stabilization of Hif1% (Zhang et al., 2006, Kim et al., 2008). 
However, Hif1% was shown to have dual roles, as a differentiation inducer and 
also as a proliferation enhancer and maintainer of the undifferentiated state 
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(Zhao et al., 2008, Gustafsson et al., 2005, Zheng et al., 2008). Whether Hif1% 
is involved in response to hypoxia in our cells remains an open question. 
 
 In conclusion, our results demonstrated that hypoxia increased the 
proliferation and neuronal differentiation of AHPCs. We propose that hypoxic 
conditions mimic the niche and may represent a perfect condition for 
expansion and differentiation of neural precursor cells.  Though it is a 
preliminary study, it raises a number of questions to be answered by future 
studies. These include the mechanism by which hypoxia promotes both 
proliferation and neuronal differentiation and the effect of other redox 
modulating substances (antioxidants, pro-oxidants) on the biology of AHPCs. 
We have already begun to explore the role of the Hif, Foxo, Wnt genes and cell 
cycle phase alterations on redox modulations in the cells. In addition, we have 
tested the effect of different antioxidants on proliferation and differentiation of 
AHPCs. Our initial results suggest that antioxidants decrease AHPC 
proliferation and may involve the G1/S phase arrest of the cell cycle.  
Importantly, the resources established during this work, including cell lines, 
protocols and preliminary data, will allow the effect of the redox system at the 
population level to be studied effectively.  
 
As a final conclusion, the major original findings of this research are: 
 
1) Cell-intrinsic regulation of adult neurogenesis, as measured by the 
proliferation of cultured precursor cells and their ability to form 
neurons, varies depending on the genetic architecture of the animals.  
2) Many loci with small effects regulate the proliferation and 
differentiation traits indicating that, even in isolated precursor cells, 
these traits are under complex polygenic control. 
3) LRP6 is a negative regulator of adult hippocampal precursor cell 
proliferation, and may be a central candidate connecting different 
regulatory pathways. Further studies need to be performed to confirm 
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the mechanism and pathways by which this important molecule 
regulates neurogenesis. 
(9 AHPCs cultured in a physiological oxygen concentration (3%) show 
increased cell yields and enhanced neuronal differentiation compared to 
cells cultured in a non-physiological oxygen (20%) concentration.!
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6. Appendix  
 
6.1. Gene list associated with neuron differentiation QTLs 
 
List of genes in chromosome 6, region: 37.639576 - 44.145773 Mb 
 
Index Gene Description Start NM ID SNPs 
1 Svopl SV2 related protein homolog (rat)-like 37.933738 NM_177200 242 
2 Atp6v0a4 
ATPase, H+ transporting, lysosomal V0 subunit 
A4 37.998482 NM_080467 192 
3 Trim24 tripartite motif protein 24 37.82081 NM_145076 33 
4 Zc3hav1 zinc finger CCCH type, antiviral 1 38.260496 NM_028864 28 
5 Luc7l2 LUC7-like 2 (S. cerevisiae) 38.501518 NM_138680 26 
6 Hipk2 homeodomain interacting protein kinase 2 38.647838 NM_010433 26 
7 Klrg2 
killer cell lectin-like receptor subfamily G, 
member 2 38.576659 
NM_0010331
71 25 
8 LOC665506 similar to T-cell receptor beta-2 chain C region 41.17772 X00619 18 
9 
D130059P03
Rik RIKEN cDNA D130059P03 gene 38.383924 NM_177185 14 
10 
4930502C15
Rik RIKEN cDNA 4930502C15 gene 38.67088 AK076703 10 
11 Dennd2a DENN/MADD domain containing 2A 39.412376 NM_172477 6 
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12 Ttc26 tetratricopeptide repeat domain 26 38.331523 NM_153600 5 
13 EG434008 predicted gene, EG434008 40.060251 
NM_0010041
82 5 
14 D6Ertd160e 
DNA segment, Chr 6, ERATO Doi 160, 
expressed 37.930926 AK053343 4 
15 Tbxas1 thromboxane A synthase 1, platelet 38.868984 NM_011539 4 
16 Ephb6 Eph receptor B6 41.55548 NM_007680 4 
17 Tpk1 thiamine pyrophosphokinase 43.295005 NM_013861 4 
18 
1110001J03
Rik RIKEN cDNA 1110001J03 gene 38.48486 NM_025363 3 
19 Pip prolactin induced protein 41.797547 NM_008843 3 
20 EG546896 predicted gene, EG546896 42.488065 
NM_0010813
01 3 
21 Jhdm1d 
jumonji C domain-containing histone 
demethylase 1 homolog D (S. cerevisiae) 39.086618 
NM_0010334
30 2 
22 Braf Braf transforming gene 39.553236 NM_139294 2 
23 Ssbp1 single-stranded DNA binding protein 1 40.421413 NM_028358 2 
24 Kel Kell blood group 41.636328 NM_032540 2 
25 
3321401G04
Rik RIKEN cDNA 3321401G04 gene 42.622545 NM_029930 2 
26 Olfr444 olfactory receptor 444 42.905498 NM_146656 2 
27 
9030601B04
Rik RIKEN cDNA 9030601B04 gene 37.891015 AK018532 1 
28 
E430016P22
Rik RIKEN cDNA E430016P22 gene 38.237393 AK045178 1 
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29 Parp12 
poly (ADP-ribose) polymerase family, member 
12 39.03641 NM_172893 1 
30 
4930599N23
Rik RIKEN cDNA 4930599N23 gene 39.068471 AK016417 1 
31 Ndufb2 
NADH dehydrogenase (ubiquinone) 1 beta 
subcomplex, 2 39.542581 NM_026612 1 
32 Clec5a C-type lectin domain family 5, member a 40.524896 
NM_0010386
04 1 
33 Tcrb-J T-cell receptor beta, joining region 41.005881 AK017898 1 
34 Prss3 protease, serine, 3 41.323757 AK131862 1 
35 EG436523 predicted gene, EG436523 41.342354 BC132026 1 
36 Clcn1 chloride channel 1 42.236683 NM_013491 1 
37 
1700024N05
Rik RIKEN cDNA 1700024N05 gene 43.112452 AK006308 1 
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6.2. List of genes negatively correlating to the proliferation trait   
!
 
Nr. GeneID Gene Symbol Correlation Nr. GeneID Gene Symbol Correlation 
1 27399 Ip6k1 -0.87 23 19025 Ctsa -0.77 
2 56389 Stx5a -0.86 24 383295 Ypel5 -0.76 
3 20909 Stx4a -0.83 25 19012 Ppap2a -0.76 
4 52898 Rnasek -0.83 26 234595 Slc38a7 -0.76 
5 381629 0610007C21Rik -0.81 27 116701 Fgfrl1 -0.76 
6 66885 Acadsb -0.81 28 71720 Osbpl3 -0.76 
7 66168 Grina -0.8 29 18451 P4ha1 -0.76 
8 83429 Ctns -0.8 30 70612 5730494N06Rik -0.76 
9 104082 Wdr7 -0.8 31 234076 Tmco3 -0.76 
10 27273 Pdk4 -0.8 32 13709 Elf1 -0.76 
11 67703 Kirrel3 -0.8 33 16163 Il13 -0.76 
12 66090 Ypel3 -0.8 34 71923 2310047M10Rik -0.76 
13 51897 D2Ertd391e -0.79 35 66753 Erlec1 -0.76 
14 73389 Hbp1 -0.79 36 101502 Hsd3b7 -0.76 
15 50755 Fbxo18 -0.79 37 109284 C030046I01Rik -0.76 
16 11305 Abca2 -0.79 38 243914 Lgi4 -0.76 
17 22644 Rnf103 -0.79 39 217779 Lysmd1 -0.76 
18 211550 Tifa -0.79 40 16976 Lrpap1 -0.75 
19 216805 Flcn -0.78 41 66663 Uba5 -0.75 
20 78267 Klhdc8b -0.78 42 208922 Cpeb3 -0.75 
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21 11655 Alas1 -0.77 43 216001 Cbara1 -0.75 
22 16784 Lamp2 -0.77 44 30052 Pcsk1n -0.75 
45 76566 Fam101b -0.75 71 207565 Camkk2 -0.73 
46 18035 Nfkbia -0.75 72 233080 Ffar3 -0.73 
47 77929 Yipf6 -0.75 73 56736 Rnf14 -0.73 
48 66530 Ubxn6 -0.75 74 216157 ORF61 -0.73 
49 216874 Camta2 -0.75 75 72055 Slc38a10 -0.73 
50 664781 Gm7338 -0.75 76 66437 Fis1 -0.73 
51 208211 Alg1 -0.74 77 625174 Gm6560 -0.73 
52 225898 Eml3 -0.74 78 66111 Tmed3 -0.73 
53 227619 Man1b1 -0.74 79 27277 Golga5 -0.73 
54 11990 Atrn -0.74 80 76142 Ppp1r14c -0.73 
55 67980 Gnpda2 -0.74 81 78308 Gpr108 -0.72 
56 11732 Ank -0.74 82 11973 Atp6v1e1 -0.72 
57 18746 Pkm2 -0.74 83 107035 Fbxo38 -0.72 
58 14567 Gdi1 -0.74 84 227631 Sohlh1 -0.72 
59 70123 2210013O21Rik -0.74 85 107173 Gpr137 -0.72 
60 27057 Ncoa4 -0.74 86 58810 Akr1a4 -0.72 
61 347740 2900097C17Rik -0.74 87 434375 Gm5612 -0.72 
62 54636 Wdr45 -0.73 88 19063 Ppt1 -0.72 
63 11838 Arc -0.73 89 106407 Osta -0.72 
64 215303 Camk1g -0.73 90 12520 Cd81 -0.72 
65 108116 Slco3a1 -0.73 91 320772 Mdga2 -0.72 
66 14219 Ctgf -0.73 92 56374 Tmem59 -0.72 
67 12296 Cacnb2 -0.73 93 244668 Sipa1l2 -0.72 
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68 18163 Ctnnd2 -0.73 94 433643 Gm5548 -0.72 
69 67963 Npc2 -0.73 95 13358 Slc25a1 -0.72 
70 13138 Dag1 -0.73 96 54411 Atp6ap1 -0.72 
97 382265 Gm5167 -0.71 106 20742 Spnb2 -0.7 
98 66573 Dzip1 -0.71 107 80290 Gpr146 -0.7 
99 17122 Mxd4 -0.71 108 20813 Srp14 -0.7 
100 26373 Clcn7 -0.71 109 50914 Olig1 -0.7 
101 216505 Pik3ip1 -0.71 110 215798 Gpr126 -0.7 
102 76192 Abhd12 -0.71 111 94178 Mcoln1 -0.7 
103 56700 0610031J06Rik -0.71 112 56398 1500003O03Rik -0.7 
104 234875 Ttc13 -0.71 113 271813 Agbl2 -0.7 
105 14164 Fgf1 -0.71 114 16391 Irf9 -0.7 
97 382265 Gm5167 -0.71 115 72053 Tmub2 -0.7 
98 66573 Dzip1 -0.71 116 142980 Tlr3 -0.7 
99 17122 Mxd4 -0.71 117 80288 Bcl9l -0.7 
100 26373 Clcn7 -0.71 118 29864 Rnf11 -0.7 
101 216505 Pik3ip1 -0.71 119 71946 Endod1 -0.7 
102 76192 Abhd12 -0.71 120 66991 2410004A20Rik -0.7 
103 56700 0610031J06Rik -0.71 121 17684 Cited2 -0.7 
104 234875 Ttc13 -0.71 122 65963 Tmem176b -0.7 
105 14164 Fgf1 -0.71     
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6.3 List of genes Positively correlating to the proliferation trait  
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Nr. GeneID Gene Symbol Correlation Nr. GeneID Gene Symbol Correlation 
1 380711 Rap1gap2 0.7 23 211949 Spsb4 0.71 
2 67684 Luc7l3 0.7 24 66902 Mtap 0.71 
3 52033 Pbk 0.7 25 71726 Smug1 0.71 
4 71990 Ddx54 0.7 26 71003 Prss41 0.71 
5 21877 Tk1 0.7 27 67059 Ola1 0.71 
6 105837 Mtbp 0.7 28 20174 Ruvbl2 0.71 
7 100515 Zfp518b 0.7 29 110749 Chaf1b 0.71 
8 231872 Aimp2 0.7 30 545399 Gm5837 0.71 
9 67242 Gemin6 0.7 31 109145 Gins4 0.71 
10 14000 Rnasen 0.7 32 13390 Dlx1 0.71 
11 12648 Chd1 0.7 33 225363 Etf1 0.71 
12 233876 Hirip3 0.7 34 68147 Gar1 0.71 
13 20810 Srm 0.7 35 227715 Exosc2 0.71 
14 320747 Lingo4 0.7 36 108176 Npm3-ps1 0.71 
15 230721 Pabpc4 0.7 37 66614 Gpatch4 0.71 
16 51797 Ctps 0.7 38 71916 Dus4l 0.71 
17 76073 Pcgf5 0.7 39 52276 Cdca8 0.71 
18 12466 Cct6a 0.7 40 266690 Cyb5r4 0.71 
19 102448 Xylb 0.7 41 209737 Kif15 0.71 
20 212392 Ccdc110 0.7 42 71514 Sfpq 0.71 
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21 18408 Slc25a15 0.7 43 21681 Thoc4 0.71 
22 14793 Cdca3 0.7 44 210106 Papd7 0.71 
45 19362 Rad51ap1 0.72 71 19385 Ranbp1 0.73 
46 19387 Rangap1 0.72 72 17394 Mmp8 0.73 
47 217666 L2hgdh 0.72 73 55989 Nop58 0.73 
48 74356 4931428F04Rik 0.72 74 18676 Phf2 0.73 
49 219114 F630043A04Rik 0.72 75 66506 Psmg3 0.73 
50 622159 Gm6292 0.72 76 56096 Plac1 0.73 
51 104367 Snora65 0.72 77 67728 Dph2 0.73 
52 20425 Shmt1 0.72 78 108014 Sfrs9 0.73 
53 84505 Setdb1 0.72 79 15569 Elavl2 0.73 
54 69902 Mrto4 0.72 80 74111 Rbm19 0.73 
55 20743 Spnb3 0.72 81 75129 4930524J08Rik 0.73 
56 72440 5930416I19Rik 0.72 82 102871 D330045A20Rik 0.73 
57 73680 Zbtb8a 0.72 83 69885 2610002D18Rik 0.73 
58 66446 Exosc7 0.72 84 270906 Prr11 0.73 
59 77905 Fate1 0.72 85 12144 Blm 0.74 
60 93842 Igsf9 0.72 86 17354 Mllt10 0.74 
61 668183 Gm9027 0.72 87 218973 Wdhd1 0.74 
62 57905 Isy1 0.72 88 14634 Gli3 0.74 
63 72140 Ccdc123 0.72 89 70572 Ipo5 0.74 
64 353172 Gars 0.72 90 23797 Akt3 0.74 
65 269582 Clspn 0.72 91 545743 Gm5864 0.74 
66 244431 Sgcz 0.72 92 18141 Nup50 0.74 
67 56449 Csda 0.72 93 67905 Ppm1m 0.74 
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68 16564 Kif21a 0.72 94 12035 Bcat1 0.74 
69 381269 Mreg 0.72 95 53972 Ngef 0.74 
70 381822 1190002F15Rik 0.73 96 110593 Prdm2 0.74 
97 72425 2410042D21Rik 0.74 123 56282 Mrpl12 0.75 
98 72634 Tdrkh 0.74 124 381045 Ccdc58 0.76 
99 108673 Ccdc86 0.74 125 16511 Kcnh2 0.76 
100 71920 Epgn 0.74 126 226180 Ina 0.76 
101 170460 Stard5 0.74 127 56349 Net1 0.76 
102 72462 Rrp1b 0.74 128 14087 Fanca 0.76 
103 12416 Cbx2 0.74 129 665989 Gm7879 0.76 
104 17535 Mre11a 0.75 130 637515 Nlrp1b 0.76 
105 75812 Tasp1 0.75 131 70333 Cd3eap 0.76 
106 235559 Topbp1 0.75 132 77744 6720463M24Rik 0.76 
107 74467 Pus10 0.75 133 15213 Hey1 0.77 
108 20815 Srpk1 0.75 134 27214 Dbf4 0.77 
109 108888 Atad3a 0.75 135 12464 Cct4 0.77 
110 73139 Cenpv 0.75 136 68087 Dcakd 0.77 
111 276919 Gemin4 0.75 137 21778 Tex9 0.77 
112 28010 Miip 0.75 138 68865 Arv1 0.77 
113 12419 Cbx5 0.75 139 11982 Atp10a 0.78 
114 72391 Cdkn3 0.75 140 72960 Top1mt 0.78 
115 14450 Gart 0.75 141 107392 Brms1 0.78 
116 100042405 Gm10282 0.75 142 14570 Arhgdig 0.78 
117 27041 G3bp1 0.75 143 17681 Msc 0.79 
118 23845 Clec5a 0.75 144 73813 Fam83e 0.79 
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119 68026 2810417H13Rik 0.75 145 70021 Nt5dc2 0.79 
120 76123 Gpsm2 0.75 146 66656 Eef1d 0.79 
121 72898 Asphd2 0.75 147 217031 Tada2a 0.79 
122 114714 Rad51c 0.75 148 76265 Tsen54 0.79 
149 67102 D16Ertd472e 0.8 150 18242 Oat 0.8 
150 18242 Oat 0.8 151 666103 Gm7931 0.81 
151 666103 Gm7931 0.81 152 242705 E2f2 0.82 
152 242705 E2f2 0.82 153 665094 Gm7488 0.82 
153 665094 Gm7488 0.82 154 70686 Dusp16 0.83 
154 70686 Dusp16 0.83 155 321022 Cdv3 0.83 
155 321022 Cdv3 0.83 156 67014 Mina 0.84 
156 67014 Mina 0.84 157 16906 Lmnb1 0.85 
157 16906 Lmnb1 0.85 158 100088 Rcc1 0.86 
158 100088 Rcc1 0.86 159 245841 Polr2h 0.89 
149 67102 D16Ertd472e 0.8 160 76478 Haus8 0.9 
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